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ABSTRACT 
DISTRIBUTION AND POPULATION STRUCTURE OF THE INVASIVE NITELLOPSIS 
OBTUSA (DESV. IN LOISEL.) J. GROVES AND NATIVE SPECIES OF CHARACEAE IN 
THE NORTHEAST U.S.A. 
 
by  
 
Robin S. Sleith 
 
Advisor: Kenneth G. Karol, Ph.D. 
Freshwater ecosystems are some of the most biologically diverse environments on Earth. 
Billions of humans rely on functioning freshwater ecosystems for drinking water and many other 
services. These ecosystems are increasingly threatened by human impacts including nutrient 
pollution, invasive species, and climate change. Here I contribute four research chapters that 
investigate freshwater diversity and ecosystem threats using the Characeae, a family of 
freshwater green macroalgae, as a study system. Characeae are a diverse and ancient group with 
more than 500 extant species and a fossil history spanning at least 250 million years. These algae 
are macrophytes in freshwater ecosystems, and serve important roles in stabilizing sediment, 
sequestering nutrients, and providing forage for fish and waterfowl. Although most Characeae 
are considered beneficial in freshwater ecosystems, one species, Nitellopsis obtusa (Desv. in 
Loisel.) J. Groves, has been identified as an invasive species in North America. In the first 
research chapter (Chapter 2) a systematic survey of 390 sites across New York state was 
conducted to discover new populations of Nitellopsis obtusa and confirm the known distribution 
of this invasive species. In the third chapter the survey was extended to include New England, 
for a total of 740 sites, from which species distribution models were constructed. These models 
demonstrated that water chemistry variables can predict Characeae habitat, and that species can 
be classified as specialist species, occurring in a narrow chemical niche, while others can be 
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classified as generalist species that occur broadly across the region. Scenarios simulating 
increased nutrient pollution and future climate change were explored with some species 
predicted to increase in range and other species predicted to be extirpated from the region. 
Nitellopsis obtusa was found to be a hard water specialist, occurring at sites with elevated levels 
of calcium. Models found the niche of Nitellopsis obtusa similar to Chara contraria, a native 
species whose distribution can be used to identify sites that may be susceptible to Nitellopsis 
obtusa invasion. In the fourth chapter the fully sequenced and annotated organellar genomes of 
Nitellopsis obtusa are presented with an analysis of the genetic patterns of invasion. The 
chloroplast genome was more variable than the mitochondrial genome, and both genomes 
showed that samples in the invasive range were nearly identical, evidence of a single 
introduction event. Invasive samples clustered most closely but were not identical to samples 
from Western Europe, specifically France. Intra-individual polymorphism of the mitochondrial 
genome was detected and PacBio sequencing indicated that polymorphism likely arises from 
transfer of mitochondrial regions to the nuclear genome. In the fifth chapter a draft nuclear 
genome of Nitellopsis obtusa is presented and used to determine whether rapid adaptation in the 
invasive range gave rise to a more successful invasive genotype. The genome of Nitellopsis 
obtusa was estimated by kmer counting to be 2.5-5 Gb. A highly fragmented assembly of 2.3Gb 
was achieved. Double digest restriction site associated DNA sequencing (ddRAD) of individuals 
across the native and invasive range was unable to detect a signal of differentiation in putative 
adaptive genes, possibly due to cross-contamination during the pooling step of library 
construction. The results of these studies provide insights relevant for freshwater conservation 
and invasive species outreach and management. 
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Chapter 1. Introduction 
Water is life. Water is a fundamental constituent of all biological systems, and access to 
uncontaminated freshwater is critical for human survival. Freshwater ecosystems are some of the 
most diverse and functionally important ecosystems on Earth. These ecosystems make up 
approximately 0.8% of global surface area, but contain an estimated 6%-10% of all described 
species (Strayer and Dudgeon, 2010). However, estimates of this kind rely on an accurate 
accounting of numbers of existing species, which in freshwater ecosystems has been described as 
“woefully incomplete” (Dudgeon et al., 2006). Even in well-studied groups such as fishes, new 
species continue to be described, with ongoing taxonomic revisions changing our understanding 
of species diversity. In less well-known groups such as microbes and algae, estimates of species 
diversity may be underrepresented by several orders of magnitude (Maggs and John, 1997). 
Advances in systematics and taxonomy, leading to more accurate species counts, will likely only 
increase the number of described species in these ecosystems. The high biodiversity found in 
freshwater ecosystems is a valuable but difficult to measure metric not only for conservation 
planning, but also for policy and public awareness. 
It has been argued that biodiversity has intrinsic value, and that all species have an 
inherent worth (Soulé, 1985). Biodiversity also has a clear instrumental value: humans value the 
cultural, medicinal, recreational, and natural resource benefits that diverse ecosystems provide. 
Biodiverse freshwater ecosystems are of critical interest to humans as a direct source of drinking 
water; fifty percent of humanity relies on surface water sources for daily drinking water. Beyond 
direct use as drinking water, freshwater ecosystems provide numerous ecosystem services that 
benefit humanity: these include food resources, flood control, recreation and tourism, among 
many other benefits. In total, the value of freshwater ecosystem services is estimated in the 
 2 
trillions of dollars annually (Costanza et al., 2014). Yet these ecosystems of extraordinary 
intrinsic and instrumental value are at risk from a multitude of threats. Due in part to their 
importance as water supplies, means of navigation, and discharge points, freshwater ecosystems 
are declining at rates that far exceed declines in terrestrial and marine systems (Strayer and 
Dudgeon, 2010). Nutrient enrichment and pollution, aquatic invasive species, and climate change 
have been identified as a few of the most serious threats facing freshwater ecosystems (Parmesan 
and Yohe, 2003; Pimentel et al., 2005; Dudgeon et al., 2006; Dodds et al., 2009; Woodward et 
al., 2010). 
Nutrient enrichment and pollution of freshwater ecosystems results from direct inputs and 
runoff associated with land use changes and development. These pollutants are classified as point 
source (e.g., sewage treatment plants), where a single source can be identified or nonpoint source 
(e.g., runoff from agriculture), where the source of the pollution is distributed across the 
landscape. Nutrient runoff from agriculture and human development has caused widespread 
artificial eutrophication of freshwater ecosystems. For example, nitrogen is a key macronutrient 
in freshwater ecosystems, but is also present in agricultural fertilizers, and has been shown to 
lead to artificial eutrophication. In 12 of 14 ecoregions in the United States, more than 90% of 
rivers exceed median reference values for total nitrogen (Dodds et al., 2009). Artificial 
eutrophication has been shown to negatively influence species abundance and composition of 
freshwater ecosystems leading to decreased biodiversity (Smith, 2003). 
Aquatic invasive species are intentionally or unintentionally introduced into novel 
habitats, where due to differences between the native and invaded habitats (e.g., a lack of native 
predators, new environmental conditions) or rapid adaptation, these species thrive, to the 
detriment of native species and ecosystem functioning. Aquatic invasive species often 
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outcompete native species and can threaten or directly consume native species, including those 
that are rare and endangered. Iconic species such as zebra mussels and Asian carp have altered 
ecosystems across North America with staggering costs associated with control efforts and 
environmental damage. 
Climate change is hypothesized to exacerbate the existing threats to freshwater 
ecosystems and may pose unforeseen challenges. Freshwater ecosystems, particularly lakes and 
ponds, are fragmented, with high species turnover from one basin to the next. This leads to high 
levels of endemism and illustrates how difficult it may be for freshwater ecosystems to respond 
to climate change without significant losses of biodiversity (Strayer and Dudgeon, 2010). This 
thesis presents the results of four related studies that use the green algal family Characeae as a 
model to study how pollution, invasive species, and climate change affect freshwater 
ecosystems. 
Characeae are freshwater green macroalgae found on every continent except Antarctica. 
The Characeae are the only extant family of the order Charales, which in turn is the only order of 
the class Charophyceae. The Characeae include two tribes of six genera (tribe Chareae: Chara, 
Lamprothamnium, Lychnothamnus, Nitellopsis; and tribe Nitelleae: Nitella and Tolypella). The 
taxonomy of the Characeae has been the subject of much work, as authors attempt to describe 
species with plastic morphologies and reconcile centuries of taxonomic confusion. The most 
recent worldwide monograph of Characeae (Wood and Imahori, 1965) subsumed about 400 
species into just 81 broadly defined, morphological species. Subsequent crossing experiments 
showed that reproductive isolation existed between populations of these broadly defined species 
(Proctor, 1975). Furthermore, recent molecular phylogenetic evidence has continued to question 
the classification scheme of Wood and Imahori (1965).  
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 Pérez et al. (2015) used morphological and molecular methods to demonstrate that the 
two broadly defined species of Tolypella recognized by Wood and Imahori (1965) are indeed 
eight species in North America, and that diversity in this group may be greater than previously 
recognized. Ongoing efforts across the world continue to refine the systematics of this group 
(Schneider et al., 2015). Previously published work and ongoing projects in the lab of Dr. 
Kenneth G. Karol have helped to achieve the resolution necessary to understand species 
complexes and to begin to reconcile previous taxonomic work with current understanding of 
species diversity (Hall and Karol, 2016; Karol et al., 2017, 2018). This systematic “backbone” 
has been critical for the studies of species diversity, ecology, and distributions presented here.  
The Characeae have a characteristic growth form consisting of a main axis with nodes, 
where whorls of branchlets occur, connected by large, multinucleate internode cells. Characeae 
thalli are attached to the sediment of aquatic ecosystems via root-like structures known as 
rhizoids. The female reproductive structure, or oogonium, consists of an oospore surrounded by 
five spiraling jacket cells. When fertilized and mature, oogonia can become calcified and are 
known as a gyrogonites, a dormant life stage that can act as a “seedbank”. These calcified 
gyrogonites contain sporopollenin, are resistant to decay, and are found in fossil deposits across 
the world. The male reproductive structure, or antheridium, consists of an outer layer of shield 
cells, termed scutes, that enclose sperm producing cells. The gametangia of Characeae can be 
located on a single thallus (monoecious) or restricted to separate thalli (dioecious). The 
arrangement of gametangia on monoecious species varies among species; some species have 
gametangia occurring together (conjoined) while in other species gametangia occur on separate 
branchlets segments (sejoined). 
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Species in this family are integral parts of aquatic ecosystems: they provide forage for 
birds, invertebrates and fish, and are important for colonizing new habitats and stabilizing 
sediments (Crawford, 1979; Blindow et al., 2002; Schneider et al., 2015). Studies have 
demonstrated that some species of Characeae are particularly sensitive to eutrophication and 
human activities, leading to inclusion on Red-Lists across Europe (‘Red List of Macrophytes - 
HELCOM’, 2018). While some species (e.g., Lamprothamnium papulosum) are sensitive to 
eutrophication, species such as Chara vulgaris are more tolerant, and have been used in 
freshwater restoration efforts (Crawford, 1979). The applicability of Characeae to restoration 
work relates to their ability stabilize sediment, sequester nutrients, and discourage nuisance 
phytoplankton blooms (Goulder, 1969). These restoration efforts have proved successful in some 
settings: in the Netherlands, migratory bird numbers increased in response to restoration efforts 
that increased Characeae biomass (Noordhuis et al., 2002).  
While studies of Characeae ecology and responses to human impacts have been 
conducted for decades in Europe, fewer efforts have been made in North America. To date, much 
of the work in North America has focused on the diversity and distributions of species (Allen, 
1888; Robinson, 1906; Wood and Muenscher, 1954; Proctor et al., 1967; Scribailo and Alix, 
2010; Pérez et al., 2014; Karol and Sleith, 2017; Karol et al., 2017, 2018). This work has 
increased the understanding of species distributions and relationships, which in turn has laid the 
groundwork for ecological studies of Characeae in North America. Furthermore, the arrival and 
apparently rapid increasing range of the invasive Characeae species Nitellopsis obtusa has 
demonstrated the need to better understand the ecology of Characeae species in North America. 
Nitellopsis obtusa is native to Europe and Asia where in places it is considered rare and 
endangered (Soulié-Märsche et al., 2002; Kato, 2005; ‘Finland Red list of macrophytes’, 2013). 
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Nitellopsis obtusa can grow at depths ranging from 0.5 to >14 meters and can reach more than 
two meters in height, with specialized star-shaped structures, termed bulbils, that allow prolific 
vegetative reproduction (Wood and Imahori, 1965; Bharathan, 1987; Larkin et al., 2018). The 
earliest known collection of N. obtusa in North America was from the Saint Lawrence River in 
the early 1970s, where it was hypothesized to be introduced by ballast water from trans-oceanic 
shipping (Geis et al., 1981; Karol and Sleith, 2017). In 1983 it was observed in the St. Clair-
Detroit River system in Michigan (Schloesser et al., 1986), and is currently known in Indiana, 
Michigan, Minnesota, New York, Ohio, Ontario, Pennsylvania, Vermont and Wisconsin (USGS 
2018, Figure 1.1). Nitellopsis obtusa is a major nuisance in lakes that hold recreational value, 
blocking swimming and fishing areas and fouling boat motors. It is unclear how N. obtusa is 
moved from lake to lake; both humans and waterfowl have been implicated in its spread. 
Studies of Nitellopsis obtusa in North America have mostly focused on distribution and 
habitat characteristics (Geis et al., 1981; Schloesser et al., 1986; Escobar et al., 2016; Midwood 
et al., 2016; Alix et al., 2017; Romero-Alvarez et al., 2017). To date, only three studies have 
examined the growth or impact of N. obtusa on native communities. Nichols et al. (1988) 
examined the seasonal growth pattern of N. obtusa in Michigan and found that the algae reached 
peak biomass in September, biomass remained high through November, when it was the most 
abundant macrophyte. (Brainard and Schulz, 2017) found that native plant biomass and species 
richness decreased with increasing N. obtusa abundance in four lakes in New York.  
The spread of Nitellopsis obtusa into Wisconsin and Minnesota, where freshwater 
ecosystems are of immense economic and cultural value, has led to a surge of activity to limit the 
spread and manage sites where N. obtusa has invaded. Glisson et al. (2018) reported the efficacy 
of algicide and mechanical treatments in treating N. obtusa in Lake Koronis, Minnesota, and 
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found that bulbil viability was not affected by treatment and that bulbil density increased in the 
treatment area. Taken together, there is a clear need for further research on all aspects of N. 
obtusa biology. Larkin et al. (2018) summarized the current research on N. obtusa and identified 
key knowledge gaps including a better understanding of the ecological niche and population 
genetics of N. obtusa. Through an exploration of the ecology and genetics of Characeae in North 
America, the following chapters address several of these knowledge gaps. 
Chapter 2 examines the distribution of Nitellopsis obtusa in New York, U.S.A. Chapter 3 
uses species distribution models built from water chemistry data and species occurrence records 
to forecast the responses of Characeae species (including N. obtusa) to climate and 
environmental change. In Chapter 4, the organellar genomes of N. obtusa are presented with an 
analysis testing the invasion pathway at a continental scale. Chapter 5 presents a draft nuclear 
genome of N. obtusa and tests whether rapid adaptation occurred in the introduced population, 
leading to a more fit invasive genotype. 
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1.1 Figures and Tables 
Figure 1.1. Map of Nitellopsis obtusa records (red dots) in North America as of October 2017. 
The dashed circle near Montreal, Canada indicates the area of the earliest collection of 
Nitellopsis obtusa in North America. 
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Chapter 2. Distribution of Nitellopsis obtusa (Characeae) in New York, U.S.A. 
2.1 Abstract 
 The charophytic green alga Nitellopsis obtusa was first reported in the New World in the 
St. Lawrence River in 1978. Since that time, N. obtusa has been reported from inland lakes 
throughout Michigan, northern Indiana, and western New York and has been listed as an 
aggressive invasive species by the United States Geological Survey. This study addresses the 
distribution of N. obtusa by surveying 390 waterbodies throughout New York. Previous reports 
are confirmed and new localities are presented, including new reports from five counties 
(Franklin, Ontario, Seneca, Wayne, and Yates). In total, N. obtusa was found in 17 counties at 31 
sites, including 16 inland lakes, seven sites in the St. Lawrence River, and eight sites in Lake 
Ontario. 
2.2 Introduction 
 Nitellopsis obtusa (Desv. in Loisel.) J. Groves 1919 (Charophyta: Characeae) is the only 
extant species of the Early Quaternary genus Nitellopsis (Soulié-Märsche et al., 2002). 
Nitellopsis obtusa (Figures 2.1, 2.2) is a dioecious, robust species, that is capable of growing 
more than 2 m tall in dense beds at depths to 10 m (Simons and Nat, 1996; Pullman and 
Crawford, 2010). Wood and Imahori (1965) placed N. obtusa in the tribe Chareae based on the 
5-celled coronula and branchlets that do not furcate. Nitellopsis obtusa differs from other 
members in the Chareae by lacking stipulodes and possessing specialized star-shaped bulbils 
(Figure 2.1B, C). These bulbils are unique among the Characeae in their complex morphology, 
role in vegetative reproduction, and star-like shape (Bharathan, 1987; John, 2002). This shape 
gives rise to the common name Starry Stonewort.  
 10 
Nitellopsis obtusa has a wide-spread, yet rare distribution in its native range of Europe 
and Asia (Simons and Nat, 1996; Soulié-Märsche et al., 2002; Kato et al., 2014). Previously 
unknown in the New World, the first recording of N. obtusa in North America was in the St. 
Lawrence River in 1978, where it was hypothesized to be introduced by ballast water from trans-
oceanic shipping (Geis, Schumacher, Raynal, & Hyduke, 1981). In 1983, it was recorded in the 
St. Clair-Detroit River system in Michigan, and is currently distributed throughout Michigan’s 
inland lakes, northern Indiana, and western New York (Eichler, 2010; Pullman & Crawford, 
2010; Schloesser, Hudson, & Nichols, 1986).  
Initial studies in North America were cursory and suggested Nitellopsis obtusa 
outcompetes native aquatic vegetation and inhibits fish spawning (“Nitellopsis obtusa,” 2016; 
Pullman & Crawford, 2010). This species is a major nuisance in lakes that hold recreational 
value: it fouls boat motors and impedes swimming and fishing. Nitellopsis obtusa fragments 
easily and may be spread as debris on boats and trailers. Control methods have been attempted, 
but the USGS has stated that successful eradication is expensive (“Nitellopsis obtusa,” 2016). 
Reports from lake associations and state agencies indicate that the range of N. obtusa is 
increasing in Michigan and New York (Pullman & Crawford 2010; Eichler 2010). Eichler (2010) 
reported the distribution of N. obtusa in New York, adding 13 sites to Geis et al. (1981). 
Voucher specimens are important for the collection information they provide and to confirm 
determinations. Attempts were made to locate voucher specimens of N. obtusa summarized in 
Eichler (2010) without success. In this study the distribution of Nitellopsis obtusa was 
confirmed, with voucher specimens, for 13 of 15 previously reported localities (Eichler, 2010) 
with 14 new records of N. obtusa for New York. 
2.3 Methods 
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 Waterbodies (canals, lakes, ponds, rivers, streams, etc.) were selected using the Spatial 
Survey Design and Analysis package in R (Kincaid & Olsen 2013) to place 400 points 
throughout New York. Satellite imagery was then used to locate the body of water with an area 
greater than 0.05 sq km closest to each point. Of these, 390 sites were accessible and were 
sampled from June to September 2014 (Figure 2.3). Near shore regions were surveyed by wading 
and the use of a dredge fashioned after Allen (1887). The New York Department of 
Environmental Conservation’s guidelines for preventing the spread of invasive species were 
followed by soaking all collecting materials in Formula 409® for at least 10 minutes after each 
use. Water conductivity and pH measurements were collected with an In Situ SmarTroll MP (Ft. 
Collins, CO, USA). Living material was collected in triplicate in Whirl-Paks® (Nasco, Fort 
Atkinson, WI, USA) and returned to The New York Botanical Garden for identification and 
vouchering. Voucher specimens were deposited in The William and Lynda Steere Herbarium 
(NY) and when possible, duplicates were distributed to the Academy of Natural Sciences of 
Drexel University (PH) and the Norton-Brown Herbarium, University of Maryland College Park 
(MARY). Additionally, herbarium collections (NY) were examined for other New York 
Nitellopsis obtusa records. 
2.4 Discussion 
 All Nitellopsis obtusa localities are listed in Table 2.1. By combining an herbarium 
survey with 2014 field work N. obtusa was confirmed in 13 of 15 previously reported sites 
(Eichler 2010). The two previously reported sites that were not confirmed were Waneta Lake and 
Lake Ontario at Wilson Tuscarora State Park. Because both of these sites include large areas, it is 
possible that the exact location was missed by our sampling strategy. Nitellopsis obtusa was 
found for the first time in seven inland lakes, four sites in the St. Lawrence River, and two sites 
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in Lake Ontario (Figure 2.4). These include new reports in five counties: Franklin, Ontario, 
Seneca, Wayne and Yates. Nitellopsis obtusa is distributed throughout the St. Lawrence River 
corridor and across the central Finger Lakes region of New York (Figure 2.4). Notably, N. 
obtusa was not found in other areas of New York (e.g., The Adirondack Park, The Catskill Park, 
Long Island).  
Geis et al. (1981) reported water chemistry parameters including pH and conductivity for 
19 sites in a 120 km stretch of the St. Lawrence River. Table 2.2 presents water chemistry 
measurements for the St. Lawrence River, as well as parameter ranges for all year 2014 sites 
where Nitellopsis obtusa was found in New York. The pH and conductivity values in the St. 
Lawrence River were similar between Geis et al. (1981) and our year 2014 measurements. 
However, the values across all N. obtusa year 2014 sites show a broader range, indicating that N. 
obtusa inhabits a wider range of pH and conductivity than previously known in North America. 
Simons and Nat (1996) reported water chemistry parameters for N. obtusa habitats in The 
Netherlands. The geographic coverage (Simons & Nat 1996) is small when compared to year 
2014 sites, but there are differences that are worth noting. The minimum pH of The Netherlands 
habitats is lower than the measurements from year 2014 sites, while the maximum pH is similar 
(Table 2.2). This indicates that native N. obtusa occupies a broader range of habitats than North 
American N. obtusa. The minimum conductivity recorded from year 2014 sites is 160 µS/cm 
lower than the conductivity measured from The Netherlands. It is unclear whether this difference 
is the result of a broader tolerance in North American N. obtusa or a lack of sampling lakes with 
low conductivity in The Netherlands. The maximum conductivity of 2250 µS/cm in its native 
range suggests that N. obtusa is able to inhabit slightly brackish water, which is consistent with 
the ballast water hypothesis of introduction. It remains unknown whether North American N. 
 13 
obtusa has a similar salinity tolerance to native populations, or if the introduced N. obtusa has a 
restricted physiological tolerance.  
Mann et al. (1999) reported that only male sexually reproductive Nitellopsis obtusa 
plants occur in North America and that N. obtusa could be moved clonally from lake to lake by 
human activity. Our work supports these statements; of the specimens that were reproductive, 
only male specimens were found in New York (Figure 2.2). Pullman and Crawford (2010) 
reported female N. obtusa plants in Michigan. However, Figure 3 of Pullman and Crawford 
(2010) describes “orange-colored oocytes,” but antheridia are pictured. A relationship between 
latitude and gender has been suggested for N. obtusa in its native range, with only male plants 
observed at higher latitudes (Soulié-Märsche et al., 2002). It is possible that female plants exist 
in North America but have avoided detection.  
Endozoochory, dispersal via vertebrate digestive tract (predominately waterfowl), has 
been proposed as the primary dispersal pathway for Characeae (Proctor 1962, 1968; 
Charalambidou & Santamaría 2002). This mechanism relies on mature oospores, which survive 
passing through the digestive tract of waterfowl. The apparent absence of reproductive female 
Nitellopsis obtusa in North America makes endozoochory an unlikely form of dispersal. 
Epizoochory, dispersal on feathers or feet of waterfowl, could disperse bulbils or vegetative 
propagules to new sites and has been proposed as a method of transport in Michigan (Pullman & 
Crawford 2010). In New York, all lakes where N. obtusa was found had substantial human 
development, including boat launches. Our survey included many undeveloped lakes and N. 
obtusa was not found in these low human impact areas. If waterfowl were indeed responsible for 
dispersing N. obtusa a higher frequency of N. obtusa statewide as well as occurrence in low 
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human impact lakes would be expected. Consequently, in New York, N. obtusa is not likely 
transported by endozoochory or epizoochory and is most likely transported by humans.  
The new county and site records reported indicate two patterns. The range of Nitellopsis 
obtusa in New York has not expanded beyond the boundary described by the localities reported 
in Eichler (2010). In areas where N. obtusa has been established, there is increasing density, with 
more local lakes becoming infested. This is particularly evident in Ontario and Yates counties in 
the Oswego River/Finger Lakes Watershed and in the Jefferson county region of the Lake 
Ontario Tributaries Watershed (Table 2.1, Figure 2.4). Further work is needed to understand how 
environmental variables and human activities contribute to the current distribution of N. obtusa 
in North America. Proactive management and public awareness will be necessary to limit and 
control the invasion of this enigmatic macroalgae.  
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2.6 Figures and Tables 
 
Figure 2.1. Nitellopsis obtusa. A. Habit. Bulbils develop at all nodes on the thallus including 
main axis nodes (arrows), branchlet nodes (arrowheads) and rhizoid nodes (not shown). B. 
Dorsal bulbil view C. Ventral bulbil view.  
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Figure 2.2. Developing Nitellopsis obtusa antheridium (male reproductive structure) shown at 
branchlet node. 
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Figure 2.3. Map of New York, USA showing county boundaries and the 390 sites sampled (red 
dots). 
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Figure 2.4. Map of New York, USA showing county boundaries and Nitellopsis obtusa localities 
listed in Table I. Grey boxes indicate the initial reports by Geis et al. (1981). Green circles 
indicate records from Eichler (2010) that were confirmed in this study. Orange pentagons 
indicate records from Eichler (2010) that were not confirmed. Red diamonds indicate new 
records. 
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Table 2.1. Localities of Nitellopsis obtusa in New York. Representative NY barcodes are 
provided except for the two unconfirmed locations (Waneta Lake and Lake Ontario at Wilson 
Tuscarora State Park). Numbers in the Label column correspond to Figure 2.4. Bold Label 
numbers indicate nearby collections that were aggregated for display in Figure 2.4. 
Label Locality Barcode (NY) Latitude Longitude County Year 
1 Owasco Lake 02026406 42.90455 -76.53976 Cayuga  2013 
1 Owasco Lake 02146770 42.90253 -76.53964 Cayuga  2013 
1 Owasco Lake 02146787 42.90540 -76.53987 Cayuga  2014 
1 Owasco Lake 02146788 42.75446 -76.47193 Cayuga  2014 
2 Lake Ontario, Sterling 
Pond 
02146785 43.34287 -76.69901 Cayuga  2014 
2 Lake Ontario, Sterling 
Pond 
02137428 43.34267 -76.69903 Cayuga  2012 
3 Lake Como 02146789 42.68068 -76.30353 Cayuga  2014 
4 Duck Lake 02146782 43.15025 -76.69116 Cayuga  2014 
5 Chautauqua Lake 02146790 42.10118 -79.29687 Chautauqua  2014 
6 Tully Lake 02023121 42.76461 -76.13810 Cortland  2007 
6 Tully Lake 02023118 42.76461 -76.13810 Cortland  2007 
6 Tully Lake 02146767 42.76435 -76.13708 Cortland  2012 
6 Tully Lake 02146780 42.77263 -76.13326 Cortland  2014 
6 Tully Lake 02145907 42.77267 -76.13335 Cortland  2014 
6 Upper Little York Lake 02023120 42.70702 -76.14972 Cortland  2005 
6 Upper Little York Lake 02023119 42.70119 -76.15628 Cortland  2009 
6 Upper Little York Lake 02146766 42.70273 -76.15699 Cortland  2012 
6 Upper Little York Lake 02146775 42.70868 -76.15120 Cortland  2013 
6 Upper Little York Lake 02146779 42.70866 -76.15149 Cortland  2014 
6 Upper Little York Lake 02145906 42.70873 -76.15110 Cortland  2014 
7 St. Lawrence River, 
mouth of Raquette River 
02146765 44.99302 -74.69757 Franklin  2011 
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8 St. Lawrence River, Grass 
Point State Park 
02146764 44.28094 -76.00130 Jefferson  2011 
8 St. Lawrence River, 
DeWolf Point State Park 
02146799 44.33187 -75.99093 Jefferson  2014 
9 St. Lawrence River, 
Millen Bay 
02145901 44.17155 -76.24451 Jefferson  2014 
10 Lake Ontario, Association 
Island Marina 
02146762 43.89265 -76.21634 Jefferson  2011 
10 Lake Ontario, Green Point 
Marina 
02146761 43.67202 -76.18512 Oswego  2011 
11 Lake Ontario, Chaumont 
Bay Public Beach 
02146763 44.06994 -76.14594 Jefferson  2011 
11 Lake Ontario, Chaumont 
Boat Launch 
02146800 44.06823 -76.14854 Jefferson  2014 
12 Lake Ontario, South 
Colwell Pond 
02145904 43.69722 -76.19384 Jefferson  2014 
13 Lake Bonaparte 02146796 44.14037 -75.37919 Lewis  2014 
14 Lake Moraine 02146783 42.85920 -75.51329 Madison  2014 
15 DeRuyter Reservoir 02146784 42.80099 -75.88734 Madison  2014 
16 Cazenovia Lake 02146768 42.92713 -75.86420 Madison  2013 
17 Lake Ontario, Braddock 
Bay 
02146791 43.31776 -77.72276 Monroe  2014 
18 Lake Ontario, Wilson 
Tuscarora State Park 
unconfirmed 43.30730 -78.85680 Niagara 2006 
19 Canandaigua Lake 02146781 42.87525 -77.27198 Ontario  2014 
20 Oneida Lake, Oneida 
Shores Park 
02146759 43.22847 -76.10880 Oswego  2011 
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20 Oneida Lake, Smith Ridge 
Boat Launch 
02146760 43.16262 -75.92658 Oswego  2011 
20 Oneida Lake, Muskrat 
Bay 
02146773 43.22372 -76.10416 Onondaga  2013 
20 Onieda Lake, Spruce 
Grove Marina 
02145905 43.24400 -75.98115 Oswego  2014 
20 Oneida Lake, Muskrat 
Bay 
02146774 43.22844 -76.10877 Onondaga  2013 
21 Otsego Lake 02146776 42.70298 -74.92248 Otsego  2014 
22 Waneta Lake unconfirmed 42.43243 -77.09955 Schyluer 2008 
23 Yellow Lake 02146797 44.31679 -75.60972 St. Lawrence  2014 
24 St. Lawrence River, 
Wilson Hill Boat Launch 
02146794 44.92928 -75.01115 St. Lawrence  2014 
25 St. Lawrence River 02146795 44.67611 -75.52959 St. Lawrence  2014 
26 St. Lawrence River, 
Schermerhorn Harbor 
02146798 44.41321 -75.79035 St. Lawrence  2014 
27 Cayuga Lake, Myers Park 02146778 42.53577 -76.54974 Tompkins  2014 
27 Cayuga Lake, northwest 
shore 
02146771 42.90001 -76.74960 Seneca  2013 
27 Cayuga Lake, Allen H. 
Treman Boat Launch 
02146777 42.45647 -76.51218 Tompkins  2014 
28 Lake Ontario, Sodus Bay 02146786 43.22348 -76.92986 Wayne  2014 
29 Keuka Lake 02146772 42.65808 -77.05766 Yates  2013 
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Table 2.2. Chemical parameters for The Netherlands (NL 1996) (Simons & Nat, 1996), the St. 
Lawrence River (SLR 1978) from Geis et al. (1981) measured in 1978, and for the St. Lawrence 
River from this study (SLR 2014). New York 2014 shows parameters from all sites where 
Nitellopsis obtusa was found. 
 
Parameter NL 1996 SLR 1978 SLR 2014 New York 2014 
pH 6.4-9.0 8.47-8.70 8.30-8.90 7.28-9.30 
Conductivity (µS/cm) 320-2250 306-319 283-298 160-499 
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Chapter 3. Untangling climate and water chemistry to predict changes in freshwater 
macrophyte distributions. 
 
3.1 Abstract 
 Forecasting changes in the distributions of macrophytes is essential to understanding how 
aquatic ecosystems will respond to climate and environmental changes. Previous work in aquatic 
ecosystems has used climate data at large scales and chemistry data at small scales; the 
consequence of using these different data types has not been evaluated. This study combines a 
survey of macrophyte diversity and water chemistry measurements at a large regional scale to 
demonstrate the feasibility and necessity of including ecological measurements, in addition to 
climate data, in species distribution models of aquatic macrophytes. A survey of 740 water 
bodies stratified across 327,000 square kilometers was conducted to document Characeae (green 
macroalgae) species occurrence and water chemistry data. Chemistry variables and climate data 
were used separately and in concert to develop species distribution models for ten species across 
the study area. The impacts of future environmental changes on species distributions were 
modeled using a range of global climate models (GCMs), representative concentration pathways 
(RCPs), and pollution scenarios. Models developed with chemistry variables generally gave the 
most accurate predictions of species distributions when compared with those using climate 
variables. Calcium and conductivity had the highest total relative contribution to models across 
all species. Habitat changes were most pronounced in scenarios with increased road salt and 
deicer influences, with two species predicted to increase in range by >50% and four species 
predicted to decrease in range by >50%. Species of Characeae have distinct habitat ranges that 
closely follow spatial patterns of water chemistry. Species distribution models built with climate 
data alone were insufficient to predict changes in distributions in the study area. The 
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development and implementation of standardized, large-scale water chemistry databases will aid 
predictions of habitat changes for aquatic ecosystems. 
3.2 Introduction 
 Freshwater ecosystems are rich in biodiversity, economically important, and increasingly 
impacted by human activities (Vitousek et al., 1997; Pimentel et al., 2005; Dudgeon et al., 2006; 
Dodds et al., 2009). Aquatic macrophytes are vital components of freshwater ecosystems; they 
provide numerous ecosystem services (Wilson and Carpenter, 1999; Engelhardt and Ritchie, 
2001). The Characeae, or stoneworts, are a group of green macroalgae found in aquatic 
ecosystems on all continents except Antarctica (Wood and Imahori, 1965). Species in this family 
are essential parts of ecosystems: they provide forage for birds, invertebrates and fish, and are 
important for colonizing new habitats and stabilizing sediments (Crawford, 1979; Blindow et al., 
2002; Schneider et al., 2015). In Europe, studies of Characeae richness have shown that habitat 
degradation and eutrophication have led to the decline of these ecologically important species 
(Simons and Nat, 1996; Baastrup-Spohr et al., 2013). Studies have also indicated that changes in 
temperature will affect Characeae species (Rojo et al., 2017), but few studies have examined 
how changes in climate and water chemistry will impact the distribution of Characeae across the 
landscape (Auderset Joye and Rey-Boissezon, 2015). A clear understanding of the distributions 
and species–habitat associations of aquatic macrophytes is important for predicting the responses 
of aquatic systems to global change. 
Previous studies have found evidence of species-environment relationships within 
macrophyte communities (Wood, 1952; Heegaard et al., 2001; Lambert-Servien et al., 2006; 
Baastrup-Spohr et al., 2013; Chappuis et al., 2014; Auderset Joye and Rey-Boissezon, 2015; 
Rey-Boissezon and Auderset Joye, 2015; Torn et al., 2015; Escobar et al., 2016; Midwood et al., 
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2016). Rey-Boissezon and Auderset Joye (2015) used multivariate analyses with nine chemical 
and environmental factors across Switzerland to identify specialist and generalist species within 
the Characeae. Torn et al. (2015) examined the distribution of members of the Characeae in 
Estonia to build a predictive model based on environmental parameters, but limited data from 
freshwater sites restricted the model to brackish locations. Some studies of freshwater 
macrophytes are focused on small scales with very high-resolution environmental data (e.g., 
water chemistry data: Auderset Joye and Rey-Boissezon, 2015) while others examine 
distributions at larger scales but are generally restricted to coarser variables, including 
atmospheric climate data (Auderset Joye and Rey-Boissezon, 2015). The use of highly indirect 
variables such as atmospheric climate data to model aquatic organisms, is a practice that may 
lead to biased results. To our knowledge, the effect of using these disparate data types to predict 
macrophytes distributions in freshwater systems has not been rigorously assessed. 
Species distribution models can be used to gain insight into ecological processes over 
large areas and allow prediction of distributions under past and future environmental scenarios 
(Elith and Leathwick, 2009). Here the boosted regression tree method is used, which 
incorporates statistical and machine learning techniques and has been used in a number of studies 
of Characeae distributions (Torn et al., 2015; Midwood et al., 2016). To optimize predictive 
ability this method integrates across many simple regression tree models to arrive at a final fitted 
model (Elith et al., 2008). A framework relating environmental variables to the physiology and 
development of organisms is necessary to obtain ecologically relevant species distribution 
models. The selection of appropriate indirect, direct, and resource variables has been identified 
as a key step of species distribution modeling (Austin, 2007). In this study a mix of all three 
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variable types is used to examine the predictive capabilities and performance of macrophyte 
species distribution models when using indirect, direct, and resource variables. 
Characeae have a rich history of study in North America, with ever increasing knowledge 
of species occurrence and ongoing systematic studies (Allen, 1888; Robinson, 1906; Wood and 
Imahori, 1965; Scribailo and Alix, 2010; Pérez et al., 2014). Currently, three native genera are 
recognized in North America: Chara, Nitella, and Tolypella. Two other genera Lychnothamnus 
and Nitellopsis have been reported in the past fifty years (Geis et al., 1981; Karol et al., 2017). 
Nitellopsis obtusa (starry stonewort) has been identified as an aggressive invasive species in 
North America, and Lychnothamnus barbatus has either been present and remained undetected 
for centuries, or is a recently introduced species (Sleith et al., 2015; Karol and Sleith, 2017; 
Karol et al., 2017). Studies focused on the northeastern U.S.A. have reported more than 30 taxa 
in Characeae in the last 200 years (Robinson, 1906; Wood and Muenscher, 1954). These studies, 
however, have been limited in geographic extent, and when coupled with obsolete historical 
determinations, demonstrate a large gap in our understanding of their ecology and a need for a 
more complete and quantitative survey of this region. Furthermore, in general studies of 
macrophyte communities (including angiosperms), members of the Characeae are often 
determined only to genus, despite high species richness in many parts of the world. This practice 
is partly due to a lack of experts working on this group in North America, which makes reliable 
interpretations of their distribution patterns difficult.  
The distributions and species-habitat associations of ten Characeae species are 
investigated by using a spatially stratified survey of water bodies across the northeast U.S.A. (an 
area of more than 327,000 km2), with 55 climate and 11 chemistry variables. These models are 
used to address the following questions: (1) Do species of Characeae differ predictably in regard 
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to water chemistry and climate variables? (2) What is the relative contribution of specific 
variables and do the key variables differ among species? (3) Are chemistry or climate variables 
better predictors of species distributions at a regional scale? (4) Do alterations in chemistry and 
climate variables lead to shifts in species distributions under environmental change scenarios? 
3.3 Methods 
Study System 
The northeastern U.S.A., including New York and New England (CT, MA, ME, NH, RI, 
VT) encompasses approximately 327,000 km2, and contains ecosystems ranging from barrier 
islands to alpine tundra. The geology of the area is varied, with the Appalachian Mountain chain 
running southwest to northeast. The Catskills, Adirondacks, and White Mountains make up 
discrete mountain regions with bedrock of sedimentary, metamorphic, and igneous classes, 
respectively. The history of human impact on this region since European settlement is 
substantial: lowland regions have been settled and developed for centuries, with agriculture and 
urban land the predominant land use types. The region contains large areas of forested and 
protected land, but these areas also contain roads and isolated settlements, especially surrounding 
water bodies. 
Species Occurrence Data 
Characeae habitats include large permanent lakes, slow-moving rivers, small ponds and 
wetlands, and temporary ditches and pools. Occurrence data were collected following the 
methods outlined in Sleith et al. (Sleith et al., 2015). Briefly, a stratified survey design was used 
to place 750 points throughout the study region; water bodies nearest each point were sampled 
once at a single access point from June to September in 2014 (390 sites, 10 inaccessible) and 
June to September in 2015 (350 sites), for a total of 740 surveyed sites. Samples were collected 
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using a combination of wading and tossing a dredge; as much as was possible, equal sampling 
intensity occurred at each site, with a target time of 30 minutes of searching per site. Species 
were identified primarily using diagnostic morphology; specimens that lacked clear characters 
(often sterile specimens) were identified using the plastid DNA barcode gene psbC (Pérez et al., 
2014). Species with fewer than 12 records were excluded from further analysis. Voucher 
specimens were deposited in The William and Lynda Steere Herbarium (NY) and when possible, 
duplicates were distributed to the Academy of Natural Sciences of Drexel University (PH) and 
the Norton-Brown Herbarium, University of Maryland-College Park (MARY). Taxonomic 
nomenclature follows Algaebase (Guiry and Guiry, 2018).  
Water Chemistry Data 
Field water chemistry data were collected with an In Situ SmarTroll MP (Ft. Collins, CO, 
U.S.A) as outlined in Sleith et al. (Sleith et al., 2015). Water samples for dissolved nutrient and 
metal concentrations were syringe-filtered (0.2 µm pore size) and acid preserved to pH < 2.0 
(USEPA, 1987) and stored at 4 °C, until analysis at The Louis Calder Center of Fordham 
University (details, Table 3.1). Eighteen sites with a chemistry or nutrient value 7 times the 
standard deviation above the mean were labeled as outliers and removed from subsequent 
analyses. Removal of outliers resulted in 722 sites from which rasters were built. Inverse 
distance weighting interpolation of each chemical parameter was performed using the ‘gstat’ 
package (Pebesma, 2004) in R (R Core Team, 2015), with nmax=4 and idp=0.5. The 
interpolation function of the ‘raster’ package (Hijmans, 2015) was then used to create rasters 
with a cell size of 30 seconds (of a longitude/latitude degree) from the gstat results. 
Climate Data 
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 Current climate data (1960-1990) were obtained at 30 seconds (about 900 m at the 
equator) resolution from WorldClim 1.4 (Hijmans et al., 2005). The WorldClim dataset includes 
monthly total precipitation, monthly minimum and maximum temperature, as well as 19 derived 
bioclimatic variables. The fifth phase of the Coupled Model Intercomparison Project (CMIP5) 
produced 20 global climate models (GCM) that conform to the emissions scenarios from the 
IPCC fifth assessment (IPCC, 2014). These models are downscaled and calibrated using the 
WorldClim 1.4 current climate data (Hijmans et al., 2005), and allow projections of species 
distributions under future climate scenarios. Five models, produced by a range of governments 
from across the world, were selected that were complete for all years and emissions scenarios 
(CCSM4, GISS-E2-R, HadGEM2-AO, MIROC5, NorESM1-M). Climate data were modified to 
match the extent of chemistry rasters using the mask function of the ‘raster’ package (Hijmans, 
2015). One-way ANOVA of predicted habitat area was used to determine the sources of variance 
in predicting future habitats under GCM scenarios.  
Future Environmental Scenarios 
 Climate change in the northeast U.S.A. is predicted to increase winter precipitation, and 
concurrently, the use of road salts and deicers (Hayhoe et al., 2008). Increased use of road salt 
and deicers has been linked to direct increases in conductivity and cation concentrations of water 
bodies (Dugan et al., 2017), and indirect leaching of calcium and magnesium ions into surface 
waters through increased competition in the cation exchange complex. To simulate increased 
road salt and deicer use leading to increased calcium, conductivity, and magnesium, these values 
were increased incrementally. To capture changes occurring with only a small increase, values 
were increased by 0.01 of the standard deviation of each variable, for ten steps. Changes 
occurring under more substantial increases were achieved by an increase of 0.1 of the standard 
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deviation for ten additional steps, leading to a range of 20 increase steps from 0.01 to 1 standard 
deviation. 
Runoff from agricultural and human development has been identified as the major source 
of nitrogen and phosphorus in freshwater ecosystems (Carpenter et al., 1998), and many of the 
sample sites were located in agricultural areas. To simulate increased runoff of agricultural 
fertilizers and leaching wastewater, nitrogen in the forms of ammonium (NH4+) and nitrate (NO3-
), and phosphorus as soluble reactive phosphate (SRP), and total dissolved phosphorus (TDP) 
were also simulated as increased using the standard deviation method described for cations.  
Species Distribution Modeling 
Boosted regression tree models were built and evaluated using three sets of predictor 
variables: all chemistry variables (11), all climate variables (55), and all variables combined (66). 
Occurrence data were split into equal training and testing sets. Models were built using the 
gbm.step function of the ‘dismo’ package (Hijmans et al., 2016) with a range of tree 
complexities (3, 5, 7, 10, 20), learning rates (0.01, 0.005, 0.001), and bagging fractions (0.5, 
0.75, 0.9). Models were then evaluated using the predict.gbm function and the model settings 
with the lowest deviance and highest area under the receiver operating characteristic curve 
(AUC) were selected (Elith et al., 2008). Final models were run for 100 iterations with all data 
and evaluated using 10-fold cross validation (Elith et al., 2008). 
  The predict function of the ‘raster’ package was used to predict model results onto raster 
objects for subsequent analysis of species distributions. To quantify the influence of threshold 
selection, predictions of suitable habitat were made based on three thresholds, two calculated by 
the evaluate and threshold functions of ‘dismo’ (no_omission, equal_sens_spec) and the cross-
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validated threshold produced by gbm.step (cv.threshold). Suitable habitat above a given 
threshold was calculated using the calc and cellStats functions in ‘raster’ (Hijmans, 2015). 
3.4 Results 
Water chemistry values varied widely across the study region (Table 3.1). In particular, 
dissolved Ca, NO3-, and TDP varied by > 1000-fold, and conductivity, NH4+, and SRP by > 100-
fold, among sampling sites. Interpolated rasters of these chemical data were consistent with 
geologic and land use maps, leading to distinct regional patterns of water chemistry (e.g., large 
areas of soft water in the Adirondack, Catskill, and Northern Appalachian mountain regions, 
Figure 3.1). Twenty-seven Characeae species were collected from 363 of the 740 surveyed small 
wetlands, ponds, rivers, lakes, and near shore regions of Lake Ontario. Ten species were selected 
for building species distribution models, with prevalence ranging from 13 to 147 water bodies in 
the study region (Table 3.2). At least one “fair performance” model (AUC >0.7) could be 
constructed for all species (Table 3.2). The highest mean AUC across the ten Characeae species 
was achieved with models that combined climate and chemistry variables (mean AUC ± SD: 
chemistry = 0.808 ± 0.087; climate = 0.750 ± 0.083; combined = 0.823 ± 0.074), however, the 
best performing climate or chemistry model for a given species was improved by no more than 
0.05 AUC units. For this reason, all forecasting scenarios were analyzed separately for climate 
and chemical models. 
Models built with chemical variables outperformed models built with climate variables in 
7 out of 10 species (Table 3.2). Calcium, conductivity, and dissolved organic carbon had the 
highest total relative contribution across all species (Table 3.1). Area of predicted suitable habitat 
was highly dependent on threshold choice; no omission was consistently the most conservative 
threshold (Table 3.2). Increases of calcium, conductivity, and magnesium led to substantial 
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habitat changes for six species regardless of threshold selection (all thresholds ³50% ± 5% 
change), with two species predicted to increase in range by >50% and four species predicted to 
decrease in range by >50% under a scenario of increases of +10 mg/L Ca, +67 µS/cm 
conductivity, and +2 mg/L Mg (Figures 3.2A-C). The remaining four species models showed 
changes that were either less severe or had high disagreement between thresholds. Predicted 
increases in dissolved nutrients, including NH4+, NO3-, SRP, and TDP led to less extreme habitat 
changes, and greater variability between predicted habitat and threshold selection (Table 3.2). 
Climate values also varied widely across the region: the average monthly maximum 
temperature in July ranged from 13.1 to 30 degrees Celsius, while the average monthly 
precipitation in July ranged from 61 to 176 millimeters. Models built with climate variables 
outperformed models built with chemical variables for 3 of the 10 species examined. Mean 
temperature of the wettest quarter (bio8), mean diurnal range (bio2), and average precipitation in 
September (prec9), had the highest total relative contribution across all species (Tables 3.3 and 
3.4). Changes in predicted habitat under CMIP5 climate scenarios were highly variable, with 
threshold and global climate model contributing the highest proportion of variance for all species 
(Table 3.2, Figure 3.4). 
3.5 Discussion 
 The varied topography, geologic history, and land use of the northeastern U.S.A. makes 
this region a valuable system to understand the distribution of Characeae species in North 
America. Most Characeae species are known to be dispersed by waterfowl (Proctor, 1962, 1968), 
which hypothetically allows for near-complete dispersal across the northeastern U.S.A. since the 
last glacial maximum. This study found that species of Characeae occur in a variety of aquatic 
habitats including small wetlands, ponds, rivers, lakes, and near shore regions of Lake Ontario, 
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but do so in ways that are predictable using key ecological variables. The species occurrence data 
also indicate that predictive models of Characeae distribution are best made across the landscape, 
and not restricted to individual water bodies. The goal of this study was to examine how 
chemistry and climate data perform when modeling Characeae distributions. Other variables, 
such as water body size and local land use, may play a role in these distributions but would 
hinder the explanatory ability of the models; therefore these variables were not included in this 
study. 
The distributions of Characeae species were accurately modeled with water chemistry 
variables (Table 3.2). For example, specialist species (i.e., Chara contraria and Nitella 
microcarpa) were very well supported and had single variables with high relative contribution, 
although more generalist species such as N. flexilis, were less well supported and did not have a 
single predictor variable with a high relative contribution (Table 3.2). The distribution of 
specialist species appears to follow a pattern of equal dispersal across the landscape, with 
differential success based on environmental conditions (Figure 3.2A). For example, C. contraria 
was not detected across thousands of square kilometers in interior portions of Maine, where 
softer water occurs, but was detected in the far eastern portions of the state, where limestone 
deposits promote hard water conditions. It is likely that C. contraria has been dispersed into 
portions of interior Maine but has not established due to unsuitable chemical conditions. 
Controlled field or mesocosm experiments are necessary to determine the tolerance of these 
species to a wider range of chemical conditions. 
Calcium was identified as having the greatest relative contribution on distributions of 
most species of Characeae in the present study across the northeastern U.S.A. In Europe, 
variation in calcium concentrations has been identified as discriminating among Characeae 
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habitats, with calcifuge and calciphile species being described (Stroede, 1933; Olsen, 1944; 
Auderset Joye and Rey-Boissezon, 2015; Rey-Boissezon and Auderset Joye, 2015). Calcium can 
be regarded as a resource variable as it is a required nutrient, however, this element also serves 
as a direct variable in models, as an indicator of bedrock substrate and water hardness. Sources 
of calcium in water bodies include weathering of bedrock, leaching from catchment soils, and 
runoff from human activities. 
Projections of the effects of future environmental change found that some species may 
increase their range and others will decrease, in agreement with other studies of Characeae 
(Auderset Joye and Rey-Boissezon, 2015). Although pollutants are likely to be unevenly 
distributed across the landscape, and road density varies across the study area, aquatic 
ecosystems are nevertheless impacted by human activities that may originate far from a given 
water body. Lakes and ponds in the more remote regions of the present study area are accessible 
by roads and many are highly developed with part or full time residences. For this reason, and as 
an initial estimate, concentrations of cations and nutrients were increased evenly in predictive 
models across the study region. To calculate and compare areas of suitable habitat a threshold 
must be selected; determination of an appropriate threshold has been the subject of much debate 
in the species distribution literature (Nenzén and Araújo, 2011). Our results show that the 
magnitude of predicted habitat loss or gain was influenced by choice of threshold, and that the no 
omission threshold predicts the most conservative estimate of future distributions.  
Characeae species appear to be particularly sensitive to changes in cation concentrations 
and conductivity. For example, Nitella microcarpa is predicted to lose all suitable habitat, given 
increases of +5 mg Ca/L, +34 µS/cm conductivity, and +1 mg Mg/L. Species distribution models 
are limited in their ability to discover causal links between the environment and species traits 
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(Elith and Leathwick, 2009). Experiments are therefore needed to determine the exact 
mechanism of toxicity and tolerance for these sensitive species. In our study area N. microcarpa 
occurs in mountainous regions where predicted increases of winter precipitation (Hayhoe et al., 
2008) will likely lead to increased use of road salts and deicers. The New York State Department 
of Transportation annually applies 728,750 metric tons of salt, 160,047 liters of calcium chloride, 
and 586, 227 liters of magnesium chloride to highways (NYDOT). The influence of road salts 
and dicers on the cation concentrations of lakes and ponds in the Adirondack Park of New York 
(an area of highly suitable habitat for N. microcarpa) has been demonstrated, with road density 
explaining 84% of the variation in ion concentrations (Kelting et al., 2012). Changes in deicing 
formulation and continued enforcement of existing “reduced salt areas” may help protect this and 
other sensitive Characeae species. 
In contrast, the invasive species Nitellopsis obtusa was predicted to increase in its range 
by over 65% under the same increased cation scenario. Predicting distributions of invasive 
species is nonetheless problematic (Jiménez-Valverde et al., 2011). These species are rarely at 
equilibrium in their environment, and for an invasive species like Nitellopsis obtusa, which is 
primarily dispersed via human activity, the estimation of habitat preference is difficult to 
disentangle from chance dispersal events. However, predictive models built for invasive species, 
if interpreted with a full understanding of potential limitations, can be viewed as a conservative 
estimate of the species potential distribution. Furthermore, Nitellopsis obtusa co-occurs at eight 
of 27 sites with Chara contraria, a hard water specialist that is also predicted to increase in its 
range under increased cation scenarios. These results therefore predict that the Mohawk, Hudson, 
and Lake Champlain regions are likely to have more suitable habitat for Nitellopsis obtusa 
(Figure 3.2A).  
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Predicted habitat changes from agricultural and wastewater runoff were less pronounced: 
these variables had low relative contributions to models and therefore are not expected to 
influence distributions as strongly (Table 3.2). However, increases in P and N will increase 
overall productivity of aquatic ecosystems and may adversely affect Characeae species through 
decreased transparency (light limitation) and/or increased competition. Previous work has 
established that Characeae species are scarce in eutrophic water bodies and that this scarcity is 
related to light availability (Blindow, 1992). 
Models built with climate variables generally performed less effectively than chemistry-
based models (Table 3.2). The boosted regression tree technique is well suited to the large 
number of predictor variables used in this study, as it is able to ignore non-informative 
predictors, and boosting been found to generate robust models even when variables are collinear 
(Maloney et al., 2012). Climate change projections were variable when five GCMs, four 
representative concentration pathways (RCP) and two time points (2050 and 2070) were 
modeled. Across all species, choice of GCM and threshold contributed more variance in habitat 
projection than RCP or time point. The northeastern U.S.A. has one of the steepest climate 
gradients in the country (Hayhoe et al., 2008), and predicting changes across this region has 
many challenges. The most influential variable, mean temperature of the wettest quarter (bio8) is 
strongly influenced by the Atlantic Ocean coastline and Lake Ontario, with variable GCM 
predictions due to these factors. Furthermore, when modeling aquatic organisms, atmospheric 
climate variables are largely indirect; this leads to models built with tenuous correlations to the 
biological processes that determine species distributions (Wiens et al., 2009). Models may be 
able to accurately capture species distributions under current conditions, but projections of future 
distributions break down due to weakly correlated associations with biological processes. In a 
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study of Characeae distributions in Switzerland, Auderset Joye and Rey-Boissezon (2015) found 
that mean July temperature was a strongly contributing factor explaining Characeae distributions. 
Expansion of these species distribution models to different geographic areas at different scales 
will aid in determining the relationship of climate variables to Characeae distributions. The 
incorporation of new variables, such as those in development for WorldClim 2 (Fick and 
Hijmans, 2017) may also improve the ability of global climate data to predict changes in 
freshwater ecosystems. 
Freshwater ecosystems are increasingly threatened, and macrophyte communities play an 
important role in the functioning of these ecosystems. The utility and accuracy of species 
distribution models depend heavily on knowledge of the organism and study system, appropriate 
selection of environmental data, and pragmatic model tuning and refinement (Austin, 2007; Elith 
and Leathwick, 2009). In aquatic systems, the set of variables that influence the occurrence of a 
species may be hierarchical and may differ at various scales (Poff, 1997). At the continental 
scale, climate may determine broad patterns of distribution, while at a regional and local scale 
entirely different variables, including water chemistry, may be responsible for species occurrence 
patterns. This study demonstrates that a boosted regression tree method was able to accurately 
predict Characeae distributions over a large area, and that this method was especially useful 
because it ignored non-informative predictors and provided a quantitative understanding of the 
influence of all key variables on the patterns of their distributions (Elith et al., 2008). This study 
shows that different species of Characeae have distinct geographic ranges that are responsive to 
chemical and climatic conditions. At the scale of northeastern U.S.A., models constructed with 
chemical variables performed better than models built with climate variables. In addition, models 
constructed with chemical variables led to consistent future projections under environmental 
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change scenarios. This work has demonstrated the advantage of incorporating water chemistry 
measurements into species distribution models of aquatic organisms. The development of 
standardized, continental-scale water chemistry datasets will require cooperation across 
academic and political boundaries, and will lead to a better ability to study and conserve valuable 
freshwater habitats. 
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3.7 Figures and Tables 
 
Figure 3.1. Map of NY, VT, NH, ME, MA, RI, CT, U.S.A (clockwise from left). The 722 
collection localities used in this study are plotted as dots with colors corresponding to calcium 
(mg/L) concentrations. The background of the map is an interpolated raster of calcium values 
from low concentrations (blue) to high concentrations (red). 
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Figure 3.2A. Boosted regression tree models for three specialist species of Characeae across 
NY, VT, NH, ME, MA, RI, CT, U.S.A (clockwise from left). Models on left are present day, 
models on right are predictions for an increase of +10 mg/L Ca, +67 µS/cm conductivity, and +2 
mg/L Mg. Color gradient of suitability ranges from low (blue) to high (red) predicted habitat 
suitability. 
 
Chara contraria!
Nitella microcarpa!
Nitellopsis obtusa!
Present! +10 mg/L Ca!
+67 µS/cm conductivity!
+2 mg/L Mg !
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Figure 3.2B. Boosted regression tree models for three specialist and one generalist (Nitella 
flexilis) species of Characeae across NY, VT, NH, ME, MA, RI, CT, U.S.A (clockwise from 
left). Models on left are present day, models on right are predictions for an increase of +10 mg/L 
Ca, +67 µS/cm conductivity, and +2 mg/L Mg. Color gradient of suitability ranges from low 
(blue) to high (red) predicted habitat suitability. 
 
Chara vulgaris! +10 mg/L Ca!+67 µS/cm conductivity!
+2 mg/L Mg !
Present!
Nitella aff. flexilis!
Nitella aff. tenuissima!
Nitella flexilis!
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Figure 3.2C. Boosted regression tree models for three specialist species of Characeae across 
NY, VT, NH, ME, MA, RI, CT, U.S.A (clockwise from left). Models on left are present day, 
models on right are predictions for an increase of +10 mg/L Ca, +67 µS/cm conductivity, and +2 
mg/L Mg. Color gradient of suitability ranges from low (blue) to high (red) predicted habitat 
suitability. 
 
Nitella furcata!
Present! +10 mg/L Ca!
+67 µS/cm conductivity!
 +2 mg/L Mg !
Nitella sp.!
Nitella transilis!
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Figure 3.3. Changes in predicted habitat for all species under increased conductivity and 
concentrations of dissolved calcium and magnesium. First ten steps are increased by 0.01 
standard deviation; the next ten steps are increased by 0.1 standard deviation. The variable with 
the highest relative contribution, calcium, is shown on the x-axis. The vertical dotted line 
indicates the increase scenario chosen for use in Figure 3.2A-C and Table 3.2. 
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Figure 3.4. Boxplots showing the proportion of the total sum of squares from one-way ANOVA 
for GCM, threshold, year, and representative concentration pathway for habitat area predictions 
for the ten species studied. The box boundaries show the interquartile range; whiskers identify 
data points that are no more than 1.5 times the interquartile range. 
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Table 3.3. Relative contributions for boosted regression tree models for each species for 
chemistry and climate variables (climate variables correspond to WorldClim 1.4 naming 
conventions). The proportion of the total sum of squares from one-way ANOVA for GCM, 
threshold, year, and representative concentration pathway (RCP) for habitat area predictions for 
the ten species studied are shown, with significances noted as <0.001 ***, 0.001**, 0.01*. 
 
Species 
Highest relative 
contribution 
variable for 
chemistry model 
Highest 
relative 
contribution 
variable for 
climate 
model 
GCM Threshold  RCP Year 
Chara contraria Ca (44) prec7 (10) 16*** 72*** 0.4 0.1 
Chara vulgaris Mg (21)  bio19 (22) 41*** 11*** 6*** 8*** 
Nitella aff. flexilis Conductivity (27)  bio8 (21) 2* 79*** 2** 1** 
Nitella aff. tenuissima DOC (16) bio2 (14) 1*** 97*** 0.01 0.02 
Nitella flexilis Ca (19)  bio7 (7) 5*** 73*** 10*** 2*** 
Nitella furcata Ca (18) prec8 (7) 6*** 81*** 0.08 0.001 
Nitella MA01 Nitrate (30) prec9 (7) 18*** 6* 2 2 
Nitella microcarpa Conductivity (38) bio8 (11) 30*** 3* 11*** 7*** 
Nitella transilis DOC (22) bio17 (14) 2*** 80*** 2*** 6*** 
Nitellopsis obtusa Ca (25) prec5 (11) 37*** 10*** 0.5 0.2 
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Table 3.4. Summed relative contribution of the ten WorldClim climate variables with the highest 
summed relative contribution. 
 
Variable Description Summed Relative Contribution 
bio8 Mean Temperature of Wettest Quarter 75.13802042 
bio2 Mean Diurnal Range 47.27843489 
prec9 Total Precipitation in September 39.00589749 
prec6 Total Precipitation in June 37.99704348 
bio9 Mean Temperature of Driest Quarter 35.44328336 
bio19 Precipitation of Coldest Quarter 33.23793009 
bio4 Temperature Seasonality 31.49357971 
prec7 Total Precipitation in July 31.33352751 
bio16 Precipitation of Wettest Quarter 31.33300097 
bio17 Precipitation of Driest Quarter 31.29895311 
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Chapter 4. The invasive origin and population structure of the invasive macroalgae 
Nitellopsis obtusa 
 
4.1 Abstract 
Aquatic invasive species are damaging to native ecosystems. Preventing the spread and 
achieving comprehensive control measures requires an understanding of the genetic structure of 
an invasive population. Organellar genomes (plastid and mitochondrial) are useful for population 
level analyses of plant distributions. Here the complete plastid and mitochondrial genomes of 
Nitellopsis obtusa, an invasive macroalgae with a broad native range, are presented. These 
genomes were found to have the same gene content and order as the previously published Chara 
vulgaris. An analysis of genetic patterns indicates a single introduction to North America, with 
specimens from Western Europe clustering most closely to those from North America. A single 
nucleotide transversion in the plastid genome separates a group of five samples from Michigan 
and Wisconsin. This transversion may serve as a useful tool to understand how Nitellopsis 
obtusa moves across the landscape. 
4.2 Introduction 
 Aquatic invasive species threaten the biodiversity, functioning, and ecosystem services of 
freshwater ecosystems across the world. It is estimated that damage caused by aquatic invasive 
species exceeds $100 million annually and that they contribute directly to the decline of 42% of 
the threatened and endangered species in the U.S.A. (Pimentel et al., 2005). The macroalgae 
Nitellopsis obtusa (starry stonewort) has become an invasive species of particular concern in 
North America. 
Nitellopsis obtusa is a species of green algae in the macrophyte family Characeae. 
Nitellopsis obtusa is native to Europe and Asia and is considered rare and endangered in eastern 
Europe and Japan (Soulié-Märsche et al., 2002; Kato, 2005). Nitellopsis obtusa is anchored in 
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the sediment, can grow more than two meters in height, and has specialized star-shaped 
structures, termed bulbils, that allow prolific vegetative reproduction (Wood and Imahori, 1965; 
Bharathan, 1987). The earliest collections of N. obtusa in North America were in the Saint 
Lawrence River in 1974 and 1978, where it was hypothesized to be introduced by ballast water 
from trans-oceanic shipping (Geis et al., 1981; Karol and Sleith, 2017). In 1983 it was recorded 
in the St. Clair-Detroit River system in Michigan (Schloesser et al., 1986), and has since spread 
throughout Michigan’s inland lakes, northern Indiana, western New York and in isolated areas of 
Minnesota, Pennsylvania, Vermont, and Wisconsin (Larkin et al., 2018). It is unclear how N. 
obtusa is moved from lake to lake; both humans and waterfowl have been implicated in its 
spread. In North America, only male individuals have been observed, potential evidence that the 
invasive population is being spread clonally from fragments on boats or trailers. 
The impacts of Nitellopsis obtusa on North American ecosystems have yet to be fully 
understood (Larkin et al., 2018). Few studies have examined the ecology of N. obtusa in North 
American ecosystems, but in a small scale study Brainard and Schulz (2017) found that native 
plant species richness and biomass decreased with increasing N. obtusa abundance. Escobar et 
al. (2016) examined the climactic niche of N. obtusa and found that at a broad, continental scale, 
large portions of North America may be susceptible to invasion. Sleith et al. (2018) used water 
chemistry variables to show that N. obtusa may have a similar ecological niche to Chara 
contraria, a native species that inhabits hard water sites across North America. These findings 
indicate that much habitat remains for N. obtusa to colonize and demonstrate the need for a clear 
understanding of the vectors pathways and genetic structure of N. obtusa across the world. 
Appropriate management and control of an invasive species requires an understanding of 
the frequency of introduction, the size of the introduced population, and the subsequent pattern 
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of spread (Fitzpatrick et al., 2011; Cristescu, 2015). The genetic structure of invasive populations 
has been shown to have importance for the fitness and invasion potential in the introduced range 
(Lavergne and Molofsky, 2007; Vandepitte et al., 2014). Novel invasive genotypes have the 
potential to not only increase the fitness of invasive species, but unique genotypes may be more 
or less susceptible to control treatments (Moody et al., 2008). Furthermore, mutations may arise 
in response to treatment efforts, the aquatic invasive plant Hydrilla evolved herbicide resistance 
through somatic mutations of the gene pds, which encodes the enzyme phytoene desaturase, 
which the herbicide fluridone was initially designed to inhibit (Michel et al., 2004). 
Organellar genomes are typically compact and similar to bacterial genomes, reflecting the 
endosymbiotic origin of chloroplasts and mitochondria (Sagan, 1967; Gray and Doolittle, 1982). 
Organellar genomes have great value in evolutionary, systematic, and population studies of 
photosynthetic organisms. Markers such as rbcL (chloroplastic) and cox1 (mitochondrial) have 
served as barcodes across photosynthetic organisms, including Characeae (Saunders, 2005; Hall 
et al., 2010). While these markers can be useful for detecting interspecific variation, they often 
lack the resolution to discriminate intraspecific variation. Advances in high-throughput 
sequencing and the high copy number of organellar genomes have allowed cost-effective 
sequencing of whole organellar genomes (McCormack et al., 2013). These whole genome 
sequences enable analysis of variable non-coding regions such as introns and intergenic regions 
that are useful for detecting intraspecific variation. Whole organellar genomes have been used in 
population studies of model organisms such as rice (Tong et al., 2016), as well as non-model 
systems such as Theobroma and invasive species such as Ageratina adenophora (Kane et al., 
2012; Nie et al., 2012). The organellar genomes of three relatives of Nitellopsis obtusa (Chara 
braunii, Chara vulgaris, and Nitella hyalina) have been published and are publicly available on 
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GenBank (Turmel, 2003, 2006; Nishiyama et al., 2018). 
In this chapter, organellar genome data are used to test the number of invasions of 
Nitellopsis obtusa to North America, the origins of invasive populations, and the pattern of 
spread across the landscape. Specifically, the following hypotheses are addressed: North 
American N. obtusa populations are European in origin, and a single introduction has occurred, 
with subsequent clonal spread. Finally, can information from organellar genomes track the 
spread of invasive individuals from lake to lake in North America? 
 
4.3 Methods  
Population Sampling: 
 Fresh and preserved tissue from the invasive range were collected following the methods 
outlined in Sleith et al. (2015, 2018). Further samples from the invasive and native range were 
sampled from The William and Lynda Steere Herbarium (NY) and with the help of national and 
international collaborators; all samples and collection information is listed in Table 4.1.  
DNA Extraction: 
DNA isolation followed the methods previously described (Pérez et al., 2014). Briefly, 
0.1g of tissue was obtained from fresh and herbarium specimens spanning the known native and 
invasive range. Genomic DNA was extracted using the Nucleon Phytopure DNA extraction kit 
(GE Healthcare Bio-Sciences, Pittsburgh, PA, USA), following the manufacturers protocol for 
small samples.  
Reference Genomes:  
Three lanes of Illumina data were generated, with average insert sizes of 300bp, 550bp, 
and 1,000bp (see Chapter 5 for details). Sequences were trimmed using Trimmomatic with the 
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following settings: ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:1:TRUE 
SLIDINGWINDOW:4:15 MINLEN:36 (Bolger et al., 2014). Illumina sequences were 
assembled using Spades v3.8.1 (Bankevich et al., 2012). To improve Illumina based assemblies, 
four Pacific Biosciences (PacBio) SMRT cells were run on a PacBio Sequel sequencer to 
generate 6.6Gb of sequences. PacBio reads were trimmed and assembled using Canu with 
default settings (Koren et al., 2017). Canu contigs were checked for accuracy by aligning 
Illumina reads and assessing discrepancies in homopolymer repeats, an area where PacBio 
accuracy can decrease. Corrected chloroplast and mitochondria contigs were annotated using 
Geneious v9 (Kearse et al., 2012) with the Chara vulgaris chloroplast and mitochondria as a 
reference. Genome maps were created using OrganellarGenomeDRAW (Lohse et al., 2013) and 
circos (Krzywinski et al., 2009). Sequence data from 60 samples from across the native and 
invasive range was generated from Illumina NextSeq500 PE101 and PE150 in High Output 
mode.  
SNP calling and Statistical Analyses: 
Intra-individual chloroplast and mitochondrial polymorphisms have been detected in 
whole genome sequencing generated from short reads (100-150bp) (Hazkani-Covo et al., 2010; 
Scarcelli et al., 2016; Sardina, 2017). Scarcelli et al. (2016) determined that genome transfers, 
from the chloroplast to the mitochondria or nuclear genome, are likely responsible for observed 
intra-individual polymorphisms from whole genome sequencing. The bioinformatic 
recommendations of Scarcelli et al. (2016) were followed to exclude intra-individual 
polymorphisms. Evidence of intra-individual polymorphism was checked by assembling Canu 
corrected and trimmed PacBio reads to final reference genomes using BLASR v1.0 (Chaisson 
and Tesler, 2012). 
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Reads were aligned to reference genomes using BWA MEM v0.7.12 with -M and -B 4 
options (Li and Durbin, 2009). SAMTOOLS v1.5 with option -B was used to create an mpileup 
file (Li et al., 2009). Single Nucleotide Polymorphisms (SNPs) and Insertion-Deletions (indels) 
were called using VarScan v2.4.3 with –min-var-freq and –min-freq-for-hom set to 0.9 (Koboldt 
et al., 2012). The resulting vcf was filtered using VCFtools v0.1.13 (Danecek et al., 2011) to 
exclude genotypes called below 50% across all individuals, sites with coverage less than 5, sites 
with a minor allele count less than 2, and ribosomal regions due to conservation of these regions 
across the tree of life. To assess the influence of missing data two sets of analyses were run: 
“liberal” where individuals with more than 75% missing data were excluded from downstream 
analyses, and “strict” where individuals with more than 5% missing data were excluded from 
downstream analyses. 
Genetic distance trees (UPGMA) with bootstrap support values for 100 pseudoreplicates 
were generated using the aboot function of the poppr package in R (Kamvar et al., 2014, 2015). 
Discriminant Analysis of Principal Components (DAPC) was performed using the dapc function 
of the R package adegenet (Jombart, 2008). DAPC is a model free approach that involves a 
principle component analysis (PCA) followed by a discriminate analysis (DA) to maximize 
discrimination between groups. DAPC was performed on a prioi, geography-based, population 
assignments to test if the dataset matched these population assignments. The number of retained 
principle components was determined using the cross-validation approach xvalDapc (Jombart et 
al., 2010). 
4.4 Results 
Canu assembly of PacBio reads resulted in one contig that contained the complete 
chloroplast genome, and one contig that contained the complete mitochondrial genome. The 
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chloroplast genome was a quadripartite molecule consisting of a large single copy region (LSC 
146,117bp) a small single copy region (SSC 24,456bp) and two inverted repeats (IR 10,542bp 
each) (Figure 4.1A-B). The mitochondrial genome was 60,237bp (Figure 4.2). Compared to 
Chara vulgaris both genomes had identical genes in the same order (Table 4.2 and 4.3). 
Illumina sequencing of multiplexed individuals resulted in a variable number of reads per 
sample, ranging from 4 to 46 million paired reads (Table 4.4). Number of reads did not correlate 
strongly with number of reads mapping to the chloroplast or mitochondria (Table 4.4). The year 
in which a specimen was collected was roughly correlated to the number of reads mapping to the 
organellar genomes, with older specimens having fewer reads. With the chloroplast reference 
genome VarScan called 524 SNPs/indels; after filtering 106 SNPs/indels remained. With the 
mitochondria reference genome VarScan called 213 SNPs/indels; after filtering 7 SNPs/indels 
remained. 18 chloroplast samples and 10 mitochondria samples missing more than 5% of sites 
and were excluded from subsequent analysis.  
The neighbor joining tree of chloroplast data recovered distinct groups that corresponded 
to broad geographic areas (Figure 4.3A,B). North American samples were most closely clustered 
to a sample from France. North American samples showed near-identical similarity, with five 
samples from Michigan and Wisconsin separated by a single T to G transversion.  
DAPC of chloroplast data recovered similar patterns as the neighbor joining tree. All 
North American samples clustered tightly together, with samples from Germany and France 
clustering most closely to North American samples (Figure 4.4A,B). Samples from Asia and 
Sweden were consistently farthest away from North American samples, indicating that these 
populations were more dissimilar. 
The neighbor joining tree of mitochondrial data also showed broad geographic patterns, 
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with North American samples clustered together, with samples from Western Europe most 
closely clustered to the North American samples (Figure 4.5A,B). The DAPC of mitochondrial 
data clustered all North American samples together, with much variability detected in European 
clusters (Figure 4.6A,B). 
4.5 Discussion 
 The neighbor joining tree and the DAPC analyses both demonstrated that North 
American samples are more closely clustered with European samples; a sample from France 
appears to be most similar, but not identical, to the North American genotype (Figure 4.7). This 
indicates that the invasive population of Nitellopsis obtusa in North America likely resulted from 
a European introduction, perhaps through trans-oceanic shipping as previously hypothesized 
(Geis et al., 1981).  
Neither the neighbor joining tree or the DAPC analysis differentiated samples from 
Canada, the Midwest or the Northeast North America. Samples across the North American range 
of Nitellopsis obtusa were nearly identical, with one transversion separating five samples from 
Michigan and Wisconsin. This transversion may show that multiple introductions (of genotypes 
with and without the transversion) into Wisconsin have occurred, but further sampling is needed 
in this region to fully characterize this phenomenon (Figure 4.8). The very low diversity in North 
America is consistent with a single introduction to North America.  
When compared to the chloroplast genome, the mitochondrial genome of Nitellopsis 
obtusa was highly conserved. Only 7 SNPs were detected, and the results of analyses based on 
this genome should be interpreted with caution. Furthermore, the mitochondrial genome showed 
evidence of intra-individual polymorphism. When PacBio reads were aligned to the reference 
genome, regions of polymorphism could be detected when visually inspecting the alignment. 
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Many polymorphisms were found in the yejV gene region, and this region was investigated 
further. The PacBio reads that aligned to the mitochondria ranged in size from 10kb to 33kb, 
however, the polymorphic sites were only present in reads with alignment lengths of 3kb or less. 
This indicates that observed polymorphism likely arises from alignment of short segments of 
genomic regions that have been transferred from the mitochondrial genome. Once transferred, 
these segments are released from selective pressure and accumulate mutations. The regions that 
aligned were flanked by regions with no homology to the mitochondrial or chloroplast genome, 
signifying that these regions have likely been transferred to the nuclear genome. Lastly, DNA 
was extracted and Illumina sequenced from the male reproductive structure, which should have a 
higher proportion of nuclear DNA to organellar DNA; high levels of intra-individual 
polymorphism when aligning these reads to the mitochondrial genome. Thus, intra-individual 
polymorphism likely arises from transfer of DNA to the nucleus. When reconstructing the 
evolutionary history of organellar genomes, it is therefore important to carefully examine sites 
showing evidence of intra-individual polymorphism. 
When intra-individual polymorphism was accounted for, both the chloroplast and 
mitochondrial genomes showed strong evidence for a single introduction to North America. 
Further sampling in the native ranges is needed to confirm which exact native population is most 
closely related to the invasive population, but our analysis indicates that regions of France and 
Western Europe were consistently most closely clustered with North American samples. 
Information from organellar genomes was unable to detect differences in the invasive population 
(aside from the single transversion); other methods may be better suited for addressing this 
question. This information is useful for managers attempting to contain the spread of Nitellopsis 
obtusa and will inform best treatment practices for chemical applicators. 
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4.7 Figures and Tables 
 
Figure 4.1A. Gene map of Nitellopsis obtusa chloroplast genome. The inner circle shows 
nucleotide content (G/C dark grey, A/T light grey). Genes shown on the outside of the outer 
circle are transcribed clockwise and those on the inside counter clockwise. Gene boxes are color 
coded by functional group as shown in the key. An asterisk (*) denotes genes with introns. 
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Figure 4.1B. Gene map of Nitellopsis obtusa chloroplast genome. Coding regions are indicated 
as green boxes. Large single copy region is shown in black, only one inverted repeat is shown in 
orange, and the small single copy region is shown in grey. Blue ticks indicate SNPs from Asia, 
red ticks indicate SNPs from Germany, black ticks indicate SNPs from France, and the purple 
tick indicates the Midwest transversion. 
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Figure 4.2. Gene map of Nitellopsis obtusa mitochondrial genome. The inner circle shows 
nucleotide content (G/C dark grey, A/T light grey). Genes shown on the outside of the outer 
circle are transcribed clockwise and those on the inside counter clockwise. Gene boxes are color 
coded by functional group as shown in the key. An asterisk (*) denotes genes with introns. 
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Figure 4.3A. Neighbor joining tree of chloroplast genome SNPs, using only samples with 5% or 
less missing data (strict). Bootstrap values from 100 pseudoreplicates (if greater than 50) are 
indicated at nodes. 
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Figure 4.3B. Neighbor joining tree of chloroplast genome SNPs, using only samples with 75% 
or less missing data (liberal). Bootstrap values from 100 pseudoreplicates (if greater than 50) are 
indicated at nodes. 
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Figure 4.4A. DAPC of chloroplast genome SNPs, using only samples with 5% or less missing 
data (strict). All North American samples cluster on top of each other (orange boxes for 
NorthEast North America, orange stars for MidWest North America and blue boxes for Canada). 
The closest samples to North America are Germany (pink) and France (dark green).  
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Figure 4.4B. DAPC of chloroplast genome SNPs, using only samples with 75% or less missing 
data (liberal). Lines and inertia ellipses connect samples from identical populations. All North 
American samples cluster closely (orange boxes for NorthEast North America, orange stars for 
MidWest North America and blue boxes for Canada). The closest samples to North America are 
France (dark green) and Germany (pink). 
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Figure 4.5A. Neighbor joining tree of mitochondrial genome SNPs, using only samples with 5% 
or less missing data (strict). Bootstrap values from 100 pseudoreplicates (if greater than 50) are 
indicated at nodes. 
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Figure 4.5B. Neighbor joining tree of mitochondrial genome SNPs, using only samples with 
75% or less missing data (liberal). Bootstrap values from 100 pseudoreplicates (if greater than 
50) are indicated at nodes. 
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Figure 4.6A. DAPC of mitochondrial genome SNPs, using only samples with 5% or less 
missing data (strict). Lines and inertia ellipses connect samples from identical populations. All 
North American samples cluster on top of each other (orange boxes for NorthEast North 
America, orange stars for MidWest North America and blue boxes for Canada). The closest 
samples to North America are Asia/German (light blue/pink (dot not visible, only line)) and 
England (light green). 
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Figure 4.6B. DAPC of mitochondrial genome SNPs, using only samples with 75% or less 
missing data (liberal). All North American samples cluster on top of each other (orange boxes for 
NorthEast North America, orange stars for MidWest North America and blue boxes for Canada). 
The closest samples to North America are France (dark green) and England (light green). 
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Figure 4.7. World map with collections used for this study. Lines are drawn between strict NJ 
tree from chloroplast data and specimen locations. Note that not all samples are included in the 
strict analysis (e.g., China sample was removed due to missing data filter). Lines connecting 
samples in North America are not drawn due to nearly identical sequences (but see Figure 4.8). 
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Figure 4.8. Map of samples in North America. Red dots indicate collections, black stars indicate 
samples with single G-T transversion in chloroplast genome. 
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Table 4.1 Accession and collection information for Nitellopsis obtusa samples. Raw reads (Total 
Reads) and number of reads mapping to the chloroplast genome (Cp_Map) and mitochondrial 
genome (Mt_Map). The final column shows the year the sample was collected. 
NY 
Barcode 
DNA 
number 
Country Total 
Reads 
Cp_Map Mt_Map Year 
Collected  
KGK0417 Serbia 7553634 338701 73443 2003  
KGK2013 USA 13691747 494147 80438 2011 
02026443 KGK2745 USA 16044157 741246 126092 2013 
02334938 KGK2793 Sweden 46312987 2090695 685107 2013 
02334950 KGK2805 Sweden 19379904 717137 189444 2013 
02146778 KGK3250 USA 4023827 303349 133397 2014 
02146784 KGK3326 USA 5344793 263898 102659 2014 
02146786 KGK3342 USA 4482191 257761 93351 2014 
02146790 KGK3463 USA 4859179 213717 80201 2014 
02146795 KGK3528 USA 5272436 248611 71990 2014 
02023152 KGK3862 Germany 9415091 587464 98687 1891 
02023150 KGK3867 Sweden 11813193 39087 37768 1937 
02023153 KGK3872 France 11849540 104004 57121 1880 
02023137 KGK3874 Germany 11394860 209225 61503 1889 
02023145 KGK3886 Germany 11483091 78746 14309 1891 
02023138 KGK3890 England 12451556 237859 66493 1885 
02023127 KGK3891 England 7629160 257477 75084 1966 
02023128 KGK3892 England 6462214 304060 74617 1966 
02023130 KGK3894 England 5396765 398552 141116 1966 
02334689 KGK4423 USA 5509898 535785 229869 2015 
02334693 KGK4432 USA 5994355 541898 99629 2015 
02334614 KGK4640 USA 5840701 198201 98269 2015 
02334593 KGK4709 USA 5322878 261888 78502 2015 
02334616 KGK4715 USA 5873396 808588 242783 2015 
00739384 KGK4812 USA 5535634 216125 103715 2015 
02023149 KGK4818 Japan 8290503 451184 29641 1961 
02023136 KGK4819 Japan 10696877 595272 119548 1961  
KGK4820 China 6083595 265287 59592 2000  
KGK4821 Germany 6235845 418130 99886 1996 
02334645 KGK4849 Japan 4992333 221381 63420 1974  
KGK5093 France 13221276 63873 65145 2016  
KGK5094 France 11163434 227157 69784 2016  
KGK5100 France 5266443 183451 42572 2016  
KGK5106 USA 5372726 351694 113569 2016  
KGK5136 USA 6360053 282233 69815 2016 
 73 
 
KGK5153 USA 6801828 401138 143118 2016  
KGK5316 Kazakhstan 6450230 468520 123239 2016  
KGK5361 USA 3824662 200860 86168 2016  
KGK5664 USA 6175722 644038 137716 2016  
KGK5677 USA 7271762 387540 58299 2016  
KGK5682 USA 6852062 318908 62485 2016  
KGK5707 USA 5447107 220459 89882 2016  
KGK5710 USA 12361928 280421 116165 2016  
KGK5715 USA 6687227 267053 36643 2016  
KGK6348 USA 5479283 69549 37619 2017  
KGK6403 USA 4747262 126861 48922 2017  
KGK6422 USA 5973872 440592 162941 2017  
KGK6433 USA 4716218 289136 72708 2017  
KGK6457 USA 4807535 157310 47148 2017  
KGK6478 USA 5284004 39154 14149 2017  
KGK6484 USA 8477894 164866 72306 2017  
KGK6553 Canada 5707963 157205 51981 2017  
KGK6557 Canada 4947358 158767 59392 2017  
KGK6560 Canada 5809242 54705 37047 2017  
KGK6562 Canada 5871402 29792 26806 2017  
KGK6564 Canada 6019160 143490 62070 2017  
KGK6582 Germany 5103638 211707 43382 2017  
KGK6583 Germany 12036014 1345946 270642 2017  
KGK6584 Germany 11773240 1768843 335867 2017  
KGK6585 Germany 5185363 399736 76617 2017 
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Table 4.2 List of plastid genes annotated for Nitellopsis obtusa. 
 
Gene class 
    
Ribosomal RNAs rrf x2 rrl x2 rrs x2 
 
Transfer RNAs trnA-UGC trnC-GCA trnD-GUC trnE-UUC 
 
trnF-GAA trnG-GCC trnG-UCC trnH-GUG 
 
trnI-CAU trnI-GAU trnK-UUU trnL-CAA 
 
trnL-UAA trnL-GAG trnL-UAG trnfM-CAU 
 
trnN-GUU trnP-UGG trnQ-UUG trnR-ACG 
 
trnR-CCG trnR-UCU trnS-GCU trnS-GGA 
 
trnS-UGA trnT-GGU trnT-UGU trnV-UAC 
 
trnW-CCA trnY-GUA 
  
Photosystem I psaA psaB psaC psaI 
 
psaJ psaM 
  
Photosystem II psbA psbB psbC psbD 
 
psbE psbF psbH psbI 
 
psbJ psbK psbL psbM 
 
psbN psbT psbZ 
 
Cytochrome petA petB petD petG 
 
petL petN 
  
ATP synthase atpA atpB atpE atpF 
 
atpH atpI 
  
Rubisco rbcL 
   
Chlorophyll biosynthesis chlB chlI chlL chlN 
NADH dehydrogenase ndhA ndhB ndhC ndhD 
 
ndhE ndhF ndhG ndhH 
 
ndhI ndhJ ndhK 
 
Ribosomal proteins rpl2 rpl5 rpl12 rpl14 
 
rpl16 rpl19 rpl20 rpl21 
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rpl22 rpl23 rpl32 rpl33 
 
rpl36 rps2 rps3 rps4 
 
rps7 rps8 rps11 rps12 
 
rps14 rps16 rps18 rps19 
RNA polymerase rpoA rpoB rpoC1 rpoC2 
Miscellaneous proteins infA  ccsA matK clpP 
 
accD  cemA tufA 
 
Hypothetical proteins ycf1 ycf3 ycf4 ycf12 
 
ycf20 ycf62 
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Table 4.3. List of mitochondrial genes annotated for Nitellopsis obtusa 
Gene class 
    
Ribosomal RNAs rnl rns rrn5 
 
Transfer RNAs trnA-UGC trnC-GCA trnD-GUC trnE-UUC 
 
trnF-GAA trnG-GCC trnG-UCC trnH-GUG 
 
trnI-CAU trnI-GAU trnK-UUU trnL-CAA 
 
trnL-UAA trnL-UAG trnfM-CAU trnN-GUU 
 
trnP-UGG trnQ-UUG trnR-ACG trnR-UCU 
 
trnS-GCU trnS-UGA trnT-GGU trnV-UAC 
 
trnW-CCA trnY-GUA 
  
Cytochrome cob cox1 cox2 cox3 
ATP synthase atp1 atp6 atp8 atp9 
NADH dehydrogenase nad1 nad2 nad3 nad4 
 
nad5 nad6 nad7 nad9 
Ribosomal proteins rpl2 rpl5 rpl6 rpl14 
 
rpl16 rps1 rps2 rps3 
 
rps4 rps7 rps10 rps11 
 
rps12 rps14 rps19 
 
Miscellaneous proteins mttB sdh3 sdh4 yejR 
 
yejU yejV ymf39 
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5. Quantifying Rapid Adaptation in an Aquatic Invasive Algal Species 
 
5.1 Abstract 
 The invasion of an organism into a novel habitat provides an opportunity to understand 
how adaptation drives colonization. Here the invasion of the macroalga Nitellopsis obtusa into 
North America is used to assess whether rapid, genetic based, evolution has occurred, and 
whether this rapid evolution enhanced the fitness of the invasive population. A draft nuclear 
genome of Nitellopsis obtusa is presented, and double digest restriction site associated DNA 
sequencing (ddRAD) is used to sample the genomes of individuals from across the native and 
invasive range. The genome of Nitellopsis obtusa is estimated to be between 2.5 - 5Gb. A highly 
fragmented assembly of 2.3Gb was achieved. ddRAD sequencing showed evidence of cross-
ligation resulting in contamination between sequenced samples. No evidence of differentiation 
between native and invasive populations was detected; it is unclear whether this could be due to 
cross-ligation contamination. 
5.2 Introduction 
Invasive species are damaging to ecosystems but have utility in evolutionary studies for 
their ability to serve as windows into ecological and evolutionary processes (Bock et al., 2015). 
Furthermore, a better understanding of the factors that contribute to an invasive species’ success 
can aid in efforts to control and prevent subsequent invasions. Much work has been done on the 
genetic components of invasions since Baker and Stebbins (1965) convened the landmark 
symposium: Genetics of Colonizing Species. With the aid of contemporary techniques and well-
designed experiments, some of the initial hypotheses such as markedly decreased genetic 
diversity due to bottlenecks have been called into question (Dlugosch et al., 2015). Other 
significant problems such as identifying the genetic basis of adaptive variation remain 
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unresolved. The idea of rapid evolution (e.g., evolution occurring over months to years for 
animals and years to decades for plant species) has recently received much attention as genomic 
studies reveal many more examples of what was once thought to be a relatively rare phenomenon 
(Pelletier et al., 2009; Thompson, 2013; Vandepitte et al., 2014).  
Invasions provide a natural laboratory for investigating rapid evolution and the basis of 
adaptive variation. A well supported hypothesis of invasive species success states that species 
rapidly evolve to become locally adapted to their new physical and biotic conditions (Thompson, 
2013). This hypothesis holds that selection may act differently on distinct populations within an 
invasion and that populations may accumulate different local adaptations. Commonly cited 
methods of local adaptation include evolution of rapid growth, evolution of defenses against 
enemies, or evolution of traits in physical environments that are nutrient rich or poor as 
compared to the native range (Franks et al., 2008; Oduor et al., 2011).  
In this chapter, the invasion of the green macroalgae Nitellopsis obtusa into North 
America is used as a study system to test rapid adaptation in invasive species. Nitellopsis obtusa 
is an ideal system due in part to a haploid genome, which simplifies interpretation of 
evolutionary history. Furthermore, the phylogenetic placement of N. obtusa in the green algal 
group closely related to land plants holds important implications for understanding the 
adaptations to life on dry land. Finally, investigation of non-model organisms represents a 
valuable source of genomic and evolutionary information that enable powerful comparative 
genomic analyses (Ellegren, 2014). The hypothesis that N. obtusa underwent rapid, genetically 
based, adaptation in the invaded range of North America will be tested using a combination of 
whole genome sequencing, functional annotation, coupled with double digest restriction site 
associated DNA sequencing (ddRAD) of samples from across the native and invasive range.  
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5.3 Materials and Methods 
DNA was extracted from a Nitellopsis obtusa culture housed at the New York Botanical 
Garden. The culture was maintained in a covered 5-gallon bucket, on a 12-hour light/dark cycle. 
An herbarium accession of this culture is available under barcode NYxxxxxx. DNA isolation 
followed the methods described in (Pérez et al., 2014). Briefly, 0.1g of tissue was obtained from 
fresh material and genomic DNA was extracted using the Nucleon Phytopure DNA extraction kit 
(GE Healthcare Bio-Sciences, Pittsburgh, PA, USA), following the manufacturers protocol for 
small samples. 
Sequencing libraries of three insert sizes (300, 550, 1000bp) were each sequenced on 
flowcells of an Illumina NextSeq500 in PE150 High Output mode. Sequences were trimmed 
using Trimmomatic v0.36 with the following settings: ILLUMINACLIP:TruSeq3-PE-
2.fa:2:30:10:1:TRUE SLIDINGWINDOW:4:15 MINLEN:36 (Bolger et al., 2014). Sequence 
data was assessed using FastQC (‘Babraham Bioinformatics - FastQC A Quality Control tool for 
High Throughput Sequence Data’, 2018). A peak of reads with high GC content was observed 
and identified as potential bacterial contamination. Bacterial reads were classified using 
Centrifuge v1.0.3 with the provided Bacteria and Archaea database (Kim et al., 2016). Reads 
classified as bacterial were removed from fastq files using filterbyname.sh from bbmap 
(Bushnell, 2014). The number of unique kmers in the dataset was estimated for Centrifuge 
filtered and unfiltered reads using ntCard v1.0.0 with a range of kmer sizes (24, 28, 32, 64, 96). 
To obtain an accurate genome size estimate the cumulative count of kmers from 1 to 64 (the 
default cutoff for ntCard) was divided by the coverage (20x) of the putative single copy gene 
actin. Centrifuge filtered and unfiltered sequences were assembled separately using ABySS 
v2.0.2 with default settings and k=96 (Jackman et al., 2017). Contigs were annotated with Maker 
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v2.31.6 (Cantarel et al., 2008) using Chara braunii (Nishiyama et al., 2018) and Arabidopsis 
thaliana (Araport 11, (Cheng et al., 2017) as protein evidence and BLASTx percent coverage of 
0.5 and percent identity of 0.4. After annotation, BLASTn against the NCBI nucleotide database 
was used to remove annotated contigs that had high similarity (E-value 1e-06 or less) to bacterial 
and archaeal sequences. Putative adaptive genes were identified using the Gene Ontology 
(Ashburner et al., 2000) terms in Table 5.1. Contigs with putative adaptive genes were retained 
for analysis using ddRAD sequencing. 
DNA from 74 samples of Nitellopsis obtusa from across the native and invasive range 
was extracted following the methods outlined above. Additionally, 22 samples of widespread 
native species (12 Chara braunii and 10 Nitella flexilis) were sequenced to compare native and 
invasive patterns. Samples were sent to Texas A&M for ddRAD sequencing. Restriction 
enzymes PstI and MluCI were used to digest DNA and fragments in the 300bp range were size 
selected. Samples were multiplexed and sequenced on an Illumina NovaSeq 6000. Samples were 
quality checked with FASTQC (‘Babraham Bioinformatics - FastQC A Quality Control tool for 
High Throughput Sequence Data’, 2018) and assembled to the chloroplast genome of Nitellopsis 
obtusa (see Chapter 4) in Geneious v9 (Kearse et al., 2012) to check for evidence of cross-
ligation. Due to cross-ligation issues, new libraries were constructed and sequenced for a subset 
of 96 samples corresponding to the sample information listed in Table 5.2 
ddRAD sequences were processed using the ipyrad pipeline (Eaton, 2014). Ipyrad trims 
reads, assembles reads to a reference, calls consensus sequences, and creates a vcf output file. 
Ipyrad was run in reference mode using the ABySS contigs that Maker identified as having 
genes homologous to Chara braunii with default settings (with the exception of 
mindepth_majrule of 2). The resulting vcf was filtered using VCFtools v0.1.13 (Danecek et al., 
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2011) to exclude genotypes called below 10% across all individuals and sites with a minor allele 
count less than 2. Samples with more than 90% missing data were removed from subsequent 
analyses. 
Genetic distance trees (UPGMA) with bootstrap support values for 100 pseudoreplicates 
were generated using the aboot function of the poppr package in R (Kamvar et al., 2014, 2015). 
A principle component analysis (PCA) was performed using the glPca function of the adegenet 
package (Jombart, 2008). 
Outlier loci were detected using BayesScan (Foll and Gaggiotti, 2008), which uses the 
multinomial-Dirichlet model to assess differences in allele frequencies between populations. 
This method uses an island model where subpopulation allele frequencies are correlated through 
a common migrant gene pool from which they differ in varying levels. The difference in allele 
frequency between each subpopulation and the common migrant gene pool is measured using a 
subpopulation specific FST. BayesScan was implemented with the default settings of 20 pilot runs 
of 5,000 iterations, followed by an additional burn-in of 50,000 iterations and 100,000 
subsequent iterations with a sample size of 5,000 and thinning interval of 10 to simulate neutral 
expectations and to detect deviating loci. 
5.4 Results 
Illumina sequencing generated ~870 million reads (~130Gb). Kmer counting did not 
result in a clear valley and peak indicating the single copy region. Genome size estimates varied 
with kmer size and Centrifuge filtering (Figure 5.1), with an overall range from 2.5 to 5Gb. Due 
to the presence of organellar and bacterial sequences, this should be taken as a rough estimate of 
the upper range of genome size for Nitellopsis obtusa. 
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Centrifuge filtering removed the peak of GC rich reads (Figure 5.2A-F). Contamination 
from bacteria and archaea constituted 13% to 20% of reads per library (Table 5.3). Across all 
libraries the most commonly identified contaminating organisms were Rubrivivax gelatinosus 
and Nitrospira defluvii (Figure 5.3A-C).  
ABySS assembly of unfiltered reads resulted in 1,192,730 contigs >1kb, with a total 
length of 2.3Gb and an N50 of 1,144bp. (Figure 5.4, Table 5.2). ABySS assembly of filtered 
reads resulted in 945,627 contigs >1kb, with a total length of 1.6Gb and an N50 of 1,000bp. 
When using Chara braunii protein evidence Maker annotated 12,839 genes on contigs that 
passed the BLASTn filter (Figure 5.5). When using Arabidopsis thaliana protein evidence Maker 
annotated 9,217 genes. Gene Ontology assignment found a total of 99 genes with putative 
adaptive functions in Chara braunii; 37 of these genes were fully or partially present in ABySS 
contigs. Gene Ontology assignment found a total of 3,500 genes with putative adaptive functions 
in Arabidopsis thaliana; 788 of these genes were fully or partially present in ABySS contigs. 
ddRAD sequencing resulted in 340,390 to 4,828,831 reads per sample, with an average of 
1.5 million reads per sample (Table 5.2). Evidence of cross-ligation was detected in reads 
assembled to the chloroplast genome. Thirty-nine individuals with more than 90% missing data 
were excluded from downstream analyses. After filtering, 2,241 sites were selected for 
population analyses. The neighbor joining tree did not cluster samples by species, geography or 
invasive status (Figure 5.7). Similarly, the PCA showed no differentiation by species, geography 
or invasive status (Figure 5.7). The lack of differentiation by species and population was further 
confirmed by BayesScan, which detected no loci with posterior probabilities high enough to be 
considered under selection, the highest posterior probability was 0.179 (Table 5.4). 
5.5 Discussion 
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The recently published genome of Chara braunii demonstrates the complexity of 
Characeae genome structure (Nishiyama et al., 2018). The Chara braunii genome was found to 
be made up of 75% repetitive elements and contained introns that were an order of magnitude 
longer than those found in other algae and land plant genomes. In sequencing the C. braunii 
genome, Nishiyama et al. (2018) used 17 mate pair libraries ranging from 250bp to 9kb. If 
Nitellopsis obtusa is similar to C. braunii in these respects, the use of smaller mate pair sizes in 
this study may be responsible for the low observed N50. The PacBio reads from Chapter 4 are 
currently being used in a hybrid assembler (PBJelly) to upgrade the ABySS assembly, with the 
aim of increasing contig length and decreasing the overall number of contigs. 
Bacterial contamination was also a problem; axenic cultures may increase the yield of 
sequencing libraries and aid downstream analyses. Although bacterial reads were easily 
classified, concerns of low coverage led to the use of assemblies from unfiltered reads with 
subsequent downstream contamination checks to ensure that no target sequences were 
inadvertently removed. The most commonly identified contaminants, Rubrivivax and Nitrospira, 
are both common in freshwater environments, and it is likely that culturing conditions enabled 
these species to continue living after their removal from their original habitat. 
 Annotation using Chara braunii proteins yielded more putative genes than Arabidopsis 
thaliana. Chara braunii is more closely related to Nitellopsis obtusa, a previously published 
analysis comparing Chara braunii with land plant genomes found that Chara braunii shared 
many genes with Arabidopsis thaliana, but also has lineage specific gene families (Nishiyama et 
al., 2018). Although more genes were identified when using Chara braunii proteins, more 
putative adaptive genes were identified when using the Arabidopsis thaliana protein set. This is 
likely due to the recent completion of the Chara braunii genome and the use of Arabidopsis 
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thaliana as a model organism; more thorough Gene Ontology descriptions exist for Arabidopsis 
thaliana because of its long history of study, as more is learned about Chara braunii, more Gene 
Ontology information will be added. 
No signal of differentiation was detected in any of the methods used with the ddRAD 
dataset (UPGMA, PCA, BayeScan). The lack of signal in the ddRAD dataset could be due to 
several factors. Chloroplast genome reads from all three species were detected in some samples, 
which after communication with the sequencing facility were narrowed down to only samples in 
pool 4, which was the only pool that contained all three species. Pool 3 consisted of only 
Nitellopsis obtusa samples and had no chloroplast genome reads from Chara braunii or Nitella 
flexilis. This pattern indicates that ligation of adapters likely continued after samples were 
pooled, leading to cross-ligation problems. A second sequencing experiment was conducted to 
address this problem, but cross-ligation was again detected. Efforts to resolve this problem are 
ongoing; results presented here should therefore be interpreted with caution, as it is impossible to 
disentangle the signal due to cross ligation from the “true” signal. Furthermore, the ipyrad 
analysis indicated that the coverage per locus was very low, with an average per locus coverage 
across all samples of 1.6. The use of a longer, less frequent cutting, restriction enzyme set could 
increase the coverage and perhaps lead to better resolution. There is also evidence that bacterial 
contamination exists in the ddRAD samples, this contamination likely arose during DNA 
extraction, as cleaning all bacteria off of samples is nearly impossible. This contamination means 
that more sequencing reads are needed to sample to achieve adequate coverage and signal. 
Together, the current ddRAD dataset was unsuitable for detection of rapid adaptation in 
Nitellopsis obtusa. To date, this chapter represents the first large-scale ddRAD project in the 
Characeae and further refinement of this technique is needed for this group. 
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5.7 Figures and Tables 
 
 
Figure 5.1. Kmer counting genome size estimation. Kmer sizes are shown on the 
horizontal axis, with genome size in base pairs on the vertical axis. Blue bars are estimates from 
raw reads, orange bars are estimates from Centrifuge filtered reads. 
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Figure 5.2A. FastQC GC content chart for 300bp insert library showing mean GC 
content on the horizontal axis and number of reads on the vertical axis. Note peak of bacterial 
contaminating reads at ~70% GC content. 
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Figure 5.2B. FastQC GC content chart for 300bp insert library, with Centrifuge filtering 
showing mean GC content on the horizontal axis and number of reads on the vertical axis. Note 
removal of peak of bacterial contaminating reads at ~70% GC content. 
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Figure 5.2C. FastQC GC content chart for 550bp insert library showing mean GC 
content on the horizontal axis and number of reads on the vertical axis. Note shoulder of 
bacterial contaminating reads at ~70% GC content. 
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Figure 5.2D. FastQC GC content chart for 550bp insert library, with Centrifuge filtering 
showing mean GC content on the horizontal axis and number of reads on the vertical axis. 
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Figure 5.2E. FastQC GC content chart for 1000bp insert library showing mean GC 
content on the horizontal axis and number of reads on the vertical axis. Note shoulder of 
bacterial contaminating reads at ~70% GC content. Peak at 99% is due to library prep errors. 
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Figure 5.2F. FastQC GC content chart for 1000bp insert library, with Centrifuge filtering 
showing mean GC content on the horizontal axis and number of reads on the vertical axis. Peak 
at 99% is due to library prep errors. 
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Figure 5.3A. Centrifuge classified sequence assignments for 300bp insert library. 
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Figure 5.3B. Centrifuge classified sequence assignments for 550bp insert library.  
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Figure 5.3C. Centrifuge classified sequence assignments for 1000bp insert library. 
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Figure 5.4. Quast assembly report for filtered and unfiltered assemblies. Minimum contig length 
is 500bp. Blue indicates a better result, red indicates a worse result. 
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Figure 5.5. Taxonomic groups from BLASTn analysis of Maker annotated contigs. The number 
of accessions within a broader group are shown in parentheses. Contigs identified as bacteria and 
archaea were removed from further analyses. 
 98 
 
Figure 5.6. Neighbor joining tree of SNPs called by ipyrad from ddRAD samples assembled to 
contigs with genes annotated as homologous to Chara braunii. Bootstrap values from 100 
pseudoreplicates (if greater than 50) are indicated at nodes. 
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Figure 5.7. PCA of SNPs called by ipyrad from ddRAD samples assembled to contigs with 
genes annotated as homologous to Chara braunii. 
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Table 5.1. Gene Ontology terms and GO numbers used to select candidate genes. 
Function GO 
acquisition of desiccation tolerance GO:0048700 
cation transport GO:0006812 
cell growth GO:0016049 
cellular response to cold GO:0070417 
cellular response to oxidative stress GO:0034599 
cellular response to phosphate starvation GO:0016036 
circadian regulation of calcium ion oscillation GO:0010617 
circadian rhythm GO:0007623 
cold acclimation GO:0009631 
defense response GO:0006952 
defense response to bacterium GO:0042742 
defense response to fungus GO:0050832 
detection of phosphate ion GO:0010247 
developmental process GO:0032502 
developmental process involved in reproduction GO:0003006 
drought recovery GO:0009819 
flower development GO:0009908 
fruit development GO:0010154 
gravitropism GO:0009630 
leaf development GO:0048366 
leaf senescence GO:0010150 
meiosis GO:0007126 
ovule development GO:0048481 
photoperiodism, flowering GO:0048573 
phototropism GO:0009638 
positive regulation of seed germination GO:0010030 
regulation of flower development GO:0009909 
regulation of growth GO:0040008 
regulation of long-day photoperiodism, flowering GO:0048586 
response to acidity GO:0010447 
response to blue light GO:0009637 
response to cold GO:0009409 
response to desiccation GO:0009269 
response to freezing GO:0050826 
response to heat GO:0009408 
response to high light intensity GO:0009644 
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response to light intensity GO:0009642 
response to light stimulus GO:0009416 
response to low light intensity stimulus GO:0009645 
response to nitrate GO:0010167 
response to nutrient GO:0007584 
response to osmotic stress GO:0006970 
response to oxidative stress GO:0006979 
response to salt stress GO:0009651 
response to stress GO:0006950 
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Table 5.2. ipyrad summary information for ddRAD samples.  
Sample Species Location reads_raw refseq_mapped_reads loci_in_assembly 
KGK3219 flexilis NewYork 919585 70705 207 
KGK3223 braunii NewYork 2349358 135211 957 
KGK3227 flexilis NewYork 545762 42984 182 
KGK3291 flexilis NewYork 1302486 108858 409 
KGK3324 braunii NewYork 2719952 135316 856 
KGK3378 braunii NewYork 2610624 138832 1034 
KGK3396 braunii NewYork 2340891 111824 718 
KGK3412 braunii NewYork 2403470 153997 656 
KGK3416 flexilis NewYork 1235790 103367 377 
KGK3420 flexilis NewYork 393832 32121 175 
KGK3502 braunii NewYork 1403454 97259 655 
KGK3518 flexilis NewYork 613633 34430 90 
KGK3520 flexilis NewYork 1694843 91605 332 
KGK3533 braunii NewYork 666457 47256 203 
KGK3551 braunii NewYork 3888516 273730 1247 
KGK3997 flexilis NewYork 542617 33657 170 
KGK4296 flexilis Maine 340390 26003 165 
KGK4311 flexilis Maine 522488 35971 122 
KGK4426 obtusa Wisconsin 1663599 199077 793 
KGK4473 braunii Maine 1154363 74956 589 
KGK4608 braunii Maine 1691297 108872 718 
KGK4640 obtusa Michigan 904422 146298 700 
KGK4670 braunii Maine 1557772 107371 599 
KGK4678 braunii Maine 1558431 104953 851 
KGK4709 obtusa Minnesota 1797531 195337 977 
KGK4714 obtusa Michigan 691826 162749 454 
KGK4715 obtusa Michigan 705438 160005 508 
KGK4716 obtusa Michigan 829321 187339 550 
KGK4728 obtusa Minnesota 2710574 271230 1359 
KGK4729 obtusa Minnesota 1363690 221968 879 
KGK4733 obtusa NewYork 1040919 153195 546 
KGK4812 obtusa Vermont 612592 70555 496 
KGK4849 obtusa Nagano 1061716 153667 386 
KGK5093 obtusa Auvergne-
Rhône-Alpes 
1440857 62959 655 
KGK5094 obtusa Auvergne-
Rhône-Alpes 
1402417 108984 661 
KGK5100 obtusa Auvergne-
Rhône-Alpes 
981923 58063 639 
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KGK5106 obtusa Minnesota 722400 89824 381 
KGK5107 obtusa Minnesota 465351 62572 216 
KGK5156 obtusa Indiana 1316796 150787 546 
KGK5301 obtusa Wisconsin 1233551 157785 577 
KGK5315 obtusa Akmola 1657652 180498 564 
KGK5316 obtusa Akmola 1221220 123681 488 
KGK5317 obtusa Akmola 945349 108982 508 
KGK5676 obtusa Minnesota 1322896 158889 736 
KGK5677 obtusa Minnesota 590222 58393 221 
KGK5678 obtusa Minnesota 1680777 159193 760 
KGK5681 obtusa Minnesota 1632838 159225 780 
KGK5682 obtusa Minnesota 1082343 141318 760 
KGK5683 obtusa Minnesota 1977668 210363 935 
KGK5685 obtusa Minnesota 1031373 109842 625 
KGK5702 obtusa Wisconsin 2462065 249105 1836 
KGK5703 obtusa Wisconsin 3723741 300800 1940 
KGK5704 obtusa Wisconsin 3253901 222014 1391 
KGK5705 obtusa Wisconsin 1257062 88996 551 
KGK5706 obtusa Wisconsin 2168469 134236 760 
KGK5707 obtusa Wisconsin 1431812 177442 815 
KGK5708 obtusa Wisconsin 2791152 264181 1094 
KGK5709 obtusa Wisconsin 1659101 147387 858 
KGK5710 obtusa Wisconsin 843365 87508 512 
KGK5711 obtusa Wisconsin 1788890 149383 616 
KGK5712 obtusa Wisconsin 665629 76554 315 
KGK5715 obtusa Wisconsin 621887 55568 365 
KGK5728 obtusa NewYork 1651793 251003 1270 
KGK5730 obtusa NewYork 2357800 287681 1271 
KGK5731 obtusa NewYork 2168533 270011 1308 
KGK6347 obtusa Minnesota 1830550 188681 995 
KGK6348 obtusa Minnesota 1964704 172533 1150 
KGK6349 obtusa Minnesota 1937346 247505 1077 
KGK6401 obtusa Minnesota 820155 72844 426 
KGK6402 obtusa Minnesota 745207 94678 563 
KGK6403 obtusa Minnesota 1361740 140578 727 
KGK6433 obtusa Michigan 679817 92178 404 
KGK6457 obtusa Michigan 1792847 169885 684 
KGK6458 obtusa Michigan 1106738 138018 507 
KGK6476 obtusa Wisconsin 1876583 182628 1317 
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KGK6477 obtusa Wisconsin 4828831 311423 1797 
KGK6478 obtusa Wisconsin 1106459 77591 673 
KGK6551 obtusa Ontario 794451 58914 794 
KGK6552 obtusa Ontario 2250866 142906 1325 
KGK6553 obtusa Ontario 4253361 205890 1532 
KGK6555 obtusa Ontario 718069 80922 314 
KGK6556 obtusa Ontario 916849 134491 566 
KGK6557 obtusa Ontario 2905476 226353 1042 
KGK6558 obtusa Ontario 1372246 76702 1077 
KGK6559 obtusa Ontario 2912995 115043 1255 
KGK6560 obtusa Ontario 817620 46916 699 
KGK6561 obtusa Ontario 1708520 131696 921 
KGK6562 obtusa Ontario 1170096 85636 629 
KGK6563 obtusa Ontario 1452333 177156 917 
KGK6564 obtusa Ontario 1800925 122353 819 
KGK6580 obtusa Uppsala 573270 127681 399 
KGK6581 obtusa Uppsala 724726 123954 398 
KGK6582 obtusa Brandenburg 1957159 211780 807 
KGK6583 obtusa Brandenburg 1215043 207998 712 
KGK6584 obtusa Brandenburg 1173859 211221 567 
KGK6585 obtusa Brandenburg 1261981 195963 621 
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Table 5.3. Centrifuge bacteria and archaea filtering information for the three sequencing 
libraries. 
Library Insert Size Total Reads Centrifuge Classified Reads Percentage 
300 427,016,203 83,650,536 0.20 
550 165,626,502 21,320,349 0.13 
1000 278,329,738 36,600,342 0.13 
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Table 5.4. BayesScan Results for 50 loci with the highest posterior probabilities. 
Locus Posterior Probability Posterior Odds Q-value Alpha FST 
2179 0.11942 -0.86768 0.86765 0.10196 0.23002 
694 0.11942 -0.86768 0.86765 0.080562 0.22674 
1443 0.11962 -0.86685 0.86658 0.059513 0.22352 
738 0.11962 -0.86685 0.86658 0.05525 0.2226 
1487 0.12002 -0.8652 0.86598 0.072555 0.22618 
2177 0.12002 -0.8652 0.86598 0.09478 0.22896 
892 0.12022 -0.86438 0.86534 0.066171 0.22443 
1835 0.12042 -0.86356 0.86501 0.083132 0.22705 
744 0.12042 -0.86356 0.86501 0.070046 0.22512 
1745 0.12062 -0.86274 0.86429 0.072186 0.22564 
1825 0.12062 -0.86274 0.86429 0.08601 0.22765 
1172 0.12102 -0.8611 0.86352 0.081928 0.22731 
1752 0.12162 -0.85866 0.86311 0.091615 0.2286 
1836 0.12182 -0.85785 0.8627 0.088385 0.22831 
1121 0.12202 -0.85704 0.86227 0.11387 0.23204 
1829 0.12202 -0.85704 0.86227 0.083475 0.22744 
1118 0.12402 -0.84898 0.86135 0.10256 0.22986 
550 0.12402 -0.84898 0.86135 0.086002 0.22771 
1123 0.12422 -0.84818 0.86043 0.10863 0.23109 
1830 0.12462 -0.84659 0.85994 0.088167 0.22815 
1120 0.12503 -0.845 0.85943 0.095208 0.22875 
1834 0.12503 -0.845 0.85943 0.081713 0.22724 
1119 0.12643 -0.83947 0.85831 0.10609 0.23085 
267 0.12643 -0.83947 0.85831 0.10705 0.23142 
692 0.12663 -0.83868 0.85714 0.09454 0.22925 
691 0.12703 -0.83711 0.85649 0.083755 0.22768 
1122 0.12723 -0.83633 0.8558 0.10754 0.23129 
1826 0.12723 -0.83633 0.8558 0.093015 0.22931 
1837 0.12763 -0.83477 0.85426 0.084724 0.22756 
2178 0.12803 -0.83321 0.8534 0.11636 0.23283 
1233 0.12863 -0.83088 0.85247 0.11259 0.2322 
2180 0.12903 -0.82933 0.85148 0.10697 0.23079 
693 0.12943 -0.82778 0.85039 0.093267 0.22887 
83 0.13143 -0.82012 0.84921 0.10267 0.23065 
2014 0.13163 -0.81936 0.84799 0.11368 0.23259 
685 0.13243 -0.81633 0.84664 0.089809 0.22877 
2019 0.13323 -0.81331 0.84514 0.1084 0.23213 
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1235 0.13583 -0.80361 0.84348 0.11678 0.23292 
1239 0.13603 -0.80287 0.84175 0.12443 0.23417 
710 0.14783 -0.76077 0.83973 0.1615 0.24095 
697 0.15463 -0.73775 0.83849 0.1608 0.24094 
712 0.15603 -0.73311 0.83772 0.17435 0.24364 
709 0.15663 -0.73114 0.83694 0.16989 0.24281 
711 0.15663 -0.73114 0.83694 0.17247 0.24281 
714 0.15783 -0.72721 0.8348 0.16898 0.2426 
708 0.15903 -0.7233 0.83333 0.16546 0.24215 
713 0.16123 -0.71619 0.83142 0.17525 0.24387 
715 0.16123 -0.71619 0.83142 0.17874 0.24447 
1240 0.17263 -0.68057 0.82406 0.19822 0.24797 
2181 0.17924 -0.66079 0.82076 0.22497 0.25242 
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Chapter 6. Conclusions 
 
            Freshwater ecosystems hold intrinsic and extrinsic value and contain high levels of 
diversity relative to the area they encompass. These ecosystems face threats in part due to their 
use as sources of drinking water, navigation, and recreation. This dissertation investigated three 
of the largest threats facing freshwater ecosystems: nutrient enrichment and pollution, invasive 
species, and climate change. These threats were studied using the Characeae as a model system, 
this group of macroalgae contains many species native to the Northeast U.S.A. and one species 
that is invasive in North America, and serve as useful indicators of ecological change. Four 
independent yet related studies presented here contribute to the understanding not only of 
Characeae biology but also freshwater ecology in general.   
An extensive survey of freshwater sites in New York, U.S.A. found that the range of the 
invasive species Nitellopsis obtusa has not expanded, compared to published accounts, across the 
state but that there is increasing density, with more lakes within this area becoming infested 
(Chapter 3). This was particularly evident in the Finger Lakes region of New York, a region with 
a long history of lake-based recreation and industry. Synthesizing these results with species 
distribution models demonstrated that this region not only has an increasing density of N. obtusa 
but also a large area of highly suitable habitat across Western New York that includes the entire 
Finger Lakes region. Furthermore, under a scenario of increased cations (calcium, magnesium, 
and conductivity), it is predicted that suitable habitat will increase for N. obtusa (Chapter 4). By 
partnering with organizations like the Finger Lakes Institute I am working to raise awareness of 
the threat of N. obtusa in this area. 
An examination of native Characeae species distributions found that specialist and 
generalist species can be identified based on water chemistry variables, but that climate variables 
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were not useful predictors of species distributions at this scale. The distribution models generated 
with water chemistry variables allow identification of new habitats predicted to be suitable for 
rare or uncommon species. These regions can be compared to previous sampling efforts to target 
regions with a high probability of finding new localities for a species of interest. Native species 
responded to environmental change scenarios differently, with some specialist species predicted 
to lose all suitable habitat under the increased cation scenario, while the suitable habitat of other 
specialist species was predicted to increase. Generalist species did not show a strong response to 
the increased cation scenario. Experiments linking the causal relationship between species 
survival and cation concentrations are needed to test the tolerances of Characeae species to these 
and other environmental changes. 
An analysis of organellar genome sequences across the native and invasive range of 
Nitellopsis obtusa found that Western Europe represents the most likely origin site of the North 
American invasion (Chapter 4). All samples from the invasive range contained identical 
mitochondrial genomes, and the plastid genomes differed by one T-to-G transversion found in 
five samples from the Midwest U.S.A. This is strong evidence of a single introduction event with 
the subsequent spread of clonal fragments. Further sampling is needed in the Midwest, 
specifically from Michigan, to characterize this plastid transversion and determine whether it can 
be used as a molecular marker to detect lake-to-lake spread of N. obtusa by boats, birds, or yet to 
be identified pathways. 
Rapid adaptation has been shown to increase the fitness of introduced species and may 
hold the key to understanding how invasive species thrive in their introduced habitat. The 
nuclear genome of Nitellopsis obtusa may contain evidence supporting the idea of rapid 
adaptation in the invasive range. To test this hypothesis a draft nuclear genome was generated 
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and compared to the recently published Chara braunii genome to identify genes conferring 
putative adaptive advantages (Chapter 5). The large nuclear genome size of Nitellopsis obtusa 
required a reduced representation sequencing technique (ddRAD) to collect sequence data from 
across the genome from numerous samples in the native and invasive range. The protocol for 
generating ddRAD libraries typically results in a small fraction of PCR mediated recombination, 
likely occurring at the pooled library amplification step; this phenomenon does not normally 
represent a problem, as the fraction is usually small and the recombination signal is swamped by 
the majority of reads. Unfortunately, our samples were unusually susceptible to cross-ligation 
and attempts to work with the sequencing facility to address this problem remain unresolved. 
Minimizing or eliminating this bias from our samples has proven to be challenging but it is clear 
that a taxon-specific ddRAD library preparation approach is necessary. 
The Characeae, indeed, can serve as a “canary in the coal mine” for freshwater 
ecosystems. These algae are primary producers that directly uptake compounds from the water 
column and are thus sensitive to environmental change. This work has demonstrated that 
Characeae respond to certain environmental changes in predictable and measurable ways. 
Furthermore, the presence and vigor of invasive Nitellopsis obtusa is likely indicative of nutrient 
pollution and recreational use patterns. While not directly measured, patterns of explosive N. 
obtusa growth appeared to correspond with highly eutrophic ecosystems. This hypothesis 
requires further study but indicates that solving nutrient pollution problems could help alleviate 
multiple freshwater ecosystem threats simultaneously. The studies presented here represent some 
of the first large-scale ecological studies of Characeae in North America. By continuing to study 
Characeae we may gain an increased understanding of the health and status of freshwater 
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ecosystems. I hope that this work will help to inspire future scientists to work with this complex 
but rewarding group of organisms. 
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